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Edible potatoes originated in the Andes and were brought to Europe in the 16
th
 century. 
Their introduction spurred both the European population growth and economic 
development. Being the world’s fourth-largest food crop, potatoes continue to shape the 
global economy and world history. Glycoalkaloids are natural insect deterrents generated 
by potatoes, and are known for their toxic effects as well as potential medicinal utilities. 
Demissidine, the aglycone of the primary glycoalkaloids, represents one major Solanum 
alkaloid. Its unique indolizidine framework presents a challenging synthetic target in 
organic chemistry. Our synthesis of demissidine starts from readily available 
epiandrosterone and takes advantage of a Lewis acid-mediated fragmentation of a 
γ-silyloxy-β-hydroxy-α-diazoester; the D-ring of a diazo ester derivative of 
epiandrosterone was efficiently ruptured to provide an aldehyde tethered ynoate product. 
In combination with a subsequent azomethine ylide 1,3-dipolar cycloaddition and a 
transition metal catalyzed oxidation/reduction, the core indolizidine framework of 
demissidine was successfully prepared in a stereoselective manner. In addition, the 
syntheses of two amino acids, 5-methylenepipecolic acid and (5S)-5-methylpipecolic acid 
were explored; they are used for the installation of the α-oriented C25 methyl group on 
demissidine. The successful preparation of demissidine was supported by NMR analysis 
of the synthetic compound in comparison with a natural sample. As an efficient and 
stereoselective synthesis, our efforts toward demissidine illuminate a strategy to 
indolizidine frameworks that could be applied in the preparation of other polycyclic 





















Material from this dissertation has been published in the following form: 
 
Zhang, Z.; Giampa, G. M.; Draghici, C.; Huang, Q.; Brewer, M.. (2013). Synthesis of 
Demissidine by a Ring Fragmentation 1,3-Dipolar Cycloaddition Approach. Organic 









































 Acknowledgement  
I want to express the most sincere gratitude to my advisor Professor Matthias Brewer, 
for everything he has taught and supported me, academically and personally. This project 
cannot be finished efficiently without his careful guidance and great support. Besides the 
chemistry I’ve learnt from him, he also has showed me the characters of a qualified 
scientist, the traits of a trusted mentor, and the qualities of a role model. Joining the 
Brewer group is one best choice I’ve ever made and I feel lucky and proud to be part of 
it.  
I also would like to give my appreciation to The University of Vermont and 
Department of Chemistry for providing this wonderful opportunity of graduate study. 
This experience has given me more than just a degree, but made me better prepared for 
the future. Thank Professor Stephen P. Waters, Professor Christopher C. Landry, 
Professor Willem R. Leenstra and Professor Rory Waterman for your generous advises 
and supports over the years. 
I feel indebted to some other faculty members at UVM as well. Professor Mark Starrett, 
thank you for your help and encouragement over the years. It was my great pleasure to 
have you as a professor and as a friend at UVM. Professor Chun Zhang and Professor 
Carolyn Bonifiled, I am truly thankful for your guidance and encouragement. Life is full 
of choices and miracles, leading you to unexpected directions; I felt lucky to have your 
 v 
 
advice and help at the crossroad. 
Very special thanks to Dr. Qiufeng Huang and Dr. Xiayun Cheng. I am so blessed to 
have met you two at UVM, taking care for me like brothers and sisters. Many thanks to 
Xiaohang Liu, I am truly lucky to have you as a trusted friend and a great listener to share 
my happiness and frustrations inside and outside the lab.  
I would also like to thank all my friends, Ying Ruan, Xin Kou, Sammy Liu, Yucan 
Zhang, Xiaozheng Song, Michael McCormack, Corinne Sadlowski, Cao Ruifeng, 
Michael Csere, Nicole, Tiana Gray, Jianjing Wang, Hua Chen, Jimin Wu, Zhenwen Pan, 
Alia Scheirman, Feng Li, Natalie Machamer, Kristin, Brendon and Gabriel. Thank you 
for the great company and I enjoyed my time with you guys.  
I would like to thank my co-workers and fellow classmates. Dan, Jody, Qiufeng, 
Spencer, Nikolay, Nitin, Geoff, Olivia, Nezar, Ali, Ramya, Sarah and Ram, thank you all 
for your help and company in the lab. 
I also want to express my sincere gratitude to Professor Vanessa Patrick at University 
of Houston. My dream wouldn’t be complete without your kindness and support.  
Matt, I am so very blessed to have your wonderful companion for my last year in 
Vermont. It is always warm and homey to see your wagging tail after a tough day, no 
matter how long it is.  
To Dad and Mom, for your most generous and unconditional love. When life has been 
shadowed in the mountains, your encouragements always brought faith back to me so I 
 vi 
 
can stand on the Vermont mountains and keep climbing to overcome the peaks. I could 
have never gotten this far and nothing could ever be possible without your support and 
love. I heart you both. 
To those moments of tears, loneliness, questions and fears, they filled me with wonder 
and made a stronger myself.  

















Table of Contents 
 
Citation ................................................................................................................................ ii 
Dedication .......................................................................................................................... iii 
Acknowledgement ............................................................................................................. iv 
 
Chapter 1: General Introduction ......................................................................................... 1 
1.1 History, discovery and physiological aspects of potato glycoalkaloids ................. 1 
1.2 The chemical structure of demissidine................................................................... 6 
1.3 Previous syntheses of demissidine ....................................................................... 10 
1.4 Lewis acid catalyzed ring fragmentation and 1,3-dipolar cycloaddition of 
azomethine ylides in natural product synthesis ......................................................... 13 
1.4.1 Lewis acid catalyzed ring fragmentation of cyclic 
γ-silyloxy-β-hydroxy-α-diazo carbonyls............................................................. 13 
1.4.2 1,3-dipolar cycloaddition of azomethine ylides in natural product synthesis
............................................................................................................................. 17 
1.5 Concluding remarks ............................................................................................. 24 
 
Chapter 2: Retro-Synthesis of Demissidine and the Fragmentation of Steroid-based 
Precursor ........................................................................................................................... 30 
2.1 Retrosynthetic analysis of demissidine ................................................................ 30 
2.2 The synthesis of the ring fragmentation precursor............................................... 31 
2.3 Stereoelectronic effect in steroid-based fragmentations ...................................... 33 
2.4 Protecting group effects ....................................................................................... 36 
2.4.1 Diastereoselectivity of the ethyl lithiodiazoacetate addition ..................... 36 
2.4.2 Stability issue ............................................................................................. 40 
2.5 The Lewis acid catalyzed ring fragmentation of steroid-based compounds ........ 43 
2.5.1 Addition rate of Lewis acid ........................................................................ 44 
2.5.2 Lability of the protecting groups................................................................ 45 
2.6 Concluding remarks ............................................................................................. 46 
 
Chapter 3: Construction of the Pyrrolidine Subunit of Demissidine: Azomethine Ylide 
1,3-Dipolar Cycloaddition and Pt-catalyzed Oxidation and Reduction ............................ 48 
3.1 The azomethine ylide 1,3-dipolar cycloaddition ................................................. 48 
3.1.1 Model system study and reaction conditions ............................................. 51 
3.1.2 Optimization on the steroid ........................................................................ 58 
3.2 The generation of a pyrrole .................................................................................. 65 
3.2.1 Direct generation of pyrrole ....................................................................... 66 
3.2.2. Oxidation of 2,5-dihydropyrrole to pyrrole .............................................. 67 
 viii 
 
3.3 Reduction of pyrrole ............................................................................................ 71 
3.4 Concluding remarks ............................................................................................. 76 
 
Chapter 4: Incorporation of the (25S)-25-methyl and the completion of demissidine ..... 79 
4.1 Alkene strategy..................................................................................................... 80 
4.1.1 Addition of CO2 to a carbanion .................................................................. 81 
4.1.2 A rhodium(II) acetate catalyzed N-H insertion strategy ............................ 85 
4.1.3 An electrochemical strategy ....................................................................... 88 
4.1.4 Incorporation of the C25 methyl on demissidine from 
5-methylenepipecolic acid .................................................................................. 91 
4.2 The synthesis of (5S)-5-methylpipecolic acid and the direct installation of the 
C25 methyl ................................................................................................................. 96 
4.2.1 The synthesis of (5S)-5-methylpipecolic acid ............................................ 97 
4.2.2 The direct installation of the C25 methyl on demissidine ......................... 98 
4.3 The completion of demissidine .......................................................................... 102 
4.4 Concluding remarks ........................................................................................... 105 
 
Chapter 5: Experimental procedures ............................................................................... 108 
5.1 Methods and materials ....................................................................................... 108 
5.2 Experimental procedures and compound characterization data ..........................110 
 










Chapter 1: General Introduction 
1.1 History, discovery and physiological aspects of potato glycoalkaloids 
In the 16
th
 century, domesticated potatoes were introduced to Europe by the Spanish 
after the conquest of the Inca Empire. Slowly adopted by distrustful Europeans, the 
exotic tubers which originated in the Andes were gradually appreciated as an important 
field crop and food staple that have spurred both the European population growth and 




 Using rigorous quantitative analysis 
methods, modern scholars studied the historical significance of potatoes and argued that 
the adoption of potatoes explains approximately a quarter of the Old World population 






 Today, with a worldwide 
production of 350 million ton per annum, potatoes are the world’s fourth-largest food 
crop.
3-6
 Being an indispensable part of the global food supply, they continue to shape the 
world economy, different cultures, various societies and human history.  
Nutritionally, the potato contains vitamins and minerals; it is also a good carbohydrate 
source and an equally good high-quality protein source.
7
 The protein content of potatoes 
on a dry-weight basis and the fiber content of potatoes with skin are equal to that of most 
cereals, pastas and whole grain breads.
8
 An assortment of phytochemicals including 
carotenoids, chlorogenic acid, 4-O-caffeoylquinic acid (cryptochlorogenic acid), 
5-O-caffeoylquinic acid (neo-chlorogenic acid), 3,4-dicaffeoylquinic and 
 2 
 
3,4-dicaffeoylquinic acids have been found in potatoes.
9
 Additionally, the potato is easier 
to grow and cultivate than other staple crops, and is considered a good solution to the 
world hunger and food crisis. The United Nations officially declared 2008 as the 
International Year of the Potato, calling the crop a “hidden treasure”.10 
Despite the increasing demand and interest in potatoes, significant plant diseases, such 
as Phytophthora infestans, Rhizoctonia, Sclerotinia, black leg, powdery mildew, powdery 
scab and leafroll virus, remain ongoing problems in a number of major potato-producing 
countries and areas, including the United States, China, India and Europe.
11-13
 Commonly 
known as late blight disease, Phytophthora infestans is believed to be the cause of the 
Great Irish Famine. The rapid spread of the disease in western Ireland led to a historic 
potato crop failure, causing approximately 1 million people to die and a million more to 
emigrate from Ireland in the 1840s.
14
 
Starting in the 20
th
 century, a great deal of research has been focused on both wild and 
domesticated potatoes to improve the yield, quality, processing properties and pest 
resistance of commercial cultivars. Studies of insect damaged wild potatoes showed 
higher levels of glycoalkaloids than intact ones, and further research showed that these 
compounds are natural insect deterrents.
15-17,18
 Glycoalkaloids have also been shown to 
have antimicrobial activities,
15,19
 to inhibit acetylcholinesterase,
20
 and to disrupt cell 
membranes.
21
 The exact role that alkaloidal compounds in commercial cultivars play 





  Biosynthesized alkaloidal compounds are widely present in the members of the 
Solanaceae family, particularly the Solanum genus. Those compounds are mostly 
alkaloids in which sugar groups are appended via a glycosidic bond, and are therefore 
called glycoalkaloids. One of the first glycoalkaloids isolated from potatoes was 
solanine,
23-25
 which was later shown to be a mixture of α-solanine and α-chaconine - two 
compounds that share the same steroidal alkaloid (solanidine) but have different sugar 
groups attach to the 3-hydroxy group.
26,27
 Nowadays, more than 90 different 
glycoalkaloid have been isolated and structurally confirmed from over 300 Solanum 
species (Figure 1.1),
28-35
 and their toxicities, chemical properties as well as potential 













Figure 1.1 Structures of α-solanine, α-chaconine and other glycoalkaloids 
 
 
Toxicologically, glycoalkaloids can harm the human nervous system and can have 
poisoning effects.
37, 38
 Typical symptoms include weakness, confusion, nausea, vomiting, 
diarrhea, fever, headache and coma.
39-43
 According to the U. S. National Toxicology 
Program, a daily consumption of 12.5 mg solanine from potatoes is considered unsafe, 
oral doses in the order of 1-5 mg/Kg bodyweight of potato glycoalkaloids are estimated 
to be overtly toxic and 3-6 mg/Kg bodyweight are claimed to be fatal.
44-46
 The relative 
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toxicities of glycoalkaloids are strongly associated with their chemical structures. 
α-Chaconine (1), the most toxic potato alkaloid reported in the literature,47 exhibits the 
strongest cell membrane disruption, causes inhibition of acetylcholinesterase, organ 
damage and teratogenicity in embryos.
21,48,49
 Different by the sugar side chain, α-solanine 
(2) is less toxic than α-chaconine (1). It shows little to no lytic properties by itself and is 
less teratogenic to embryos.
50-52
 Solanidine, the aglycone of both α-chaconine (1) and 
α-solanine (2), seems to be non-toxic.53 The spirosolanes, α-solamargine (5), α-solasonine 




Figure 1.2 Carbohydrate sidechains 
 
 
Physiologically, potato glycoalkaloids are known to have anticarcinogenic effects, 
antivirus properties and they have the ability to lower dietary cholesterol absorption. 
α-Chaconine (1) and α-solanine (2) have been proven cytotoxic in a number of human 
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cancer cells line including cervical, liver, lymphoma and stomach cancer cells; artificial 
mixtures of two glycoalkaloids also exhibited synergistic effects.
54,55
 By inserting their 
glycones into the viral envelope, α-chaconine (1), α-solasonine (6) and α-tomatine (7) 
were able to inactivate herpes simplex virus Type I.
56
 α-Tomatine (7) also has a strong 
affinity for cholesterol in vitro and can form an insoluble complex with cholesterol which 
is then eliminated in the feces. In animal studies, α-tomatine (7) was proven to reduce 
dietary cholesterol absorption and plasma levels of cholesterol and triglycerides; such 
results in humans are still waiting to be confirmed in clinical trials.
57 
 
1.2 The chemical structure of demissidine 
Naturally occurring glycoalkaloids are called α-compounds. Stepwise cleavage of the 
glycoside side chain leads to β-, γ- and δ-compounds in the case of tetrasaccharides and 
to β- and γ- compounds in the case of trisaccharide sidechains (Scheme 1.1). The final 
hydrolytic products of glycoalkaloids are generically referred to as aglycones, which are 
rarely found in nature. The major Solanum aglycones are steroidal alkamines, which can 
be subcategorized into five groups representing different types of structure as described 
by Schreiber
19
: solanidanes, spirosolanes, 22,26-epiminocholestanes, 




Figure 1.3 Subgroups of Solanum alkaloids
 
 
The primary glycoalkaloids found in a variety of potato species are the solanidane type, 
of which the demissidine glycoalkaloids, demissine (3) and commersonine (4), are the 
major solanidanes.
58
 Demissine (3) was first isolated from S. demissum in 1947 by Kuhn 
and has the same lycotetraose side chain as α-tomatidine (7), one of the major tomatidine 
glycoalkaloids found in tomatoes.
59,60
 Commersonine, a second demissidine-based 
glycoalkaloid was first isolated and characterized by Osman et al. in 1957 from 
accessions of S. chacoense and S. commersonii Dun. Its tetraose side chain 
commertetraose is not found in any other major glycoalkaloid.
61
 Stepwise hydrolysis of 
demissine (3) and commersonine (4) lead to the same δ-compound demissidine (9); the 
process is illustrated in Scheme 1.1.  
Demissidine (9) is also known as 5,6-dihydrosolanidine. Being almost structurally 
identical to one of the very earliest isolated Solanum aglycones solanidine (10), 
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demissidine (9) lacks the C5-C6 double bond (Figure 1.4). The structures of demissidine 
(9) and solanidine (10), as well as their complete stereochemical assignment of all atoms 
have been confirmed by X-ray analysis of the hydroiodide of demissidine.
47
 Build on a 
C27 cholestane skeleton, both natural solanidanes possess the 20S:25S:NS configuration. 
The H-atom attached to C20 has a unique β-orientation in comparison to the other 
α-orientated hydrogen atoms on this five-membered, N-containing E-ring. The adjacent 
F-ring exists in the chair-conformation and has an equatorial methyl on C25.  
 
























1.3 Previous syntheses of demissidine 
The first synthesis of demissidine was reported in the literature by Kuhn et al in 
1952.
62
 Later, Sato and Latham
63
 also prepared demissidine by a similar synthetic route. 
Both syntheses started from tomatidine (11) and employed a 
reduction-oxidation-reduction strategy (Schemes 1.2 and 1.3).  
In Sato and Latham’s synthesis (Scheme 1.2), the diol 12 generated from the catalytic 
reduction of tomatidine (11) was acetylated to afford the amorphous 
O,O’,N-triacetyldihydro derivative 13, which was then transformed into diketone 15 after 
hydrolysis and oxidation. Subsequent reduction by palladium-charcoal and 
semicarbazone followed by LAH (lithium aluminium hydride) reduction afforded 
demissidine (9).    
In 1963 Adam and Schreiber
64
 prepared demissidine in low yields from pregnenolone 
acetate (16). Their synthesis features an unselective hydrogenation and a 
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These pioneering works were bright and innovative back in the 1960s; however, 
inadequacies and shortcomings are inevitable due to limited synthetic methodologies and 
characterization technologies available then. Both Kuhn and Sato started their syntheses 
from ready-made tomatidine (11), another major alkaloid isolated from Solanum species. 
Strictly, their works are more “transformations” between different alkaloids per se than 
the “synthesis” of demissidine. Few reactions with general synthetic value were offered 
in their chemistry. Adam and Schreiber’s synthesis was based on an unselective 
hydrogenation in which three new stereo centers were formed unpredictably. This step 
offered a low yield of the desired product and complicated the future purification, making 
their strategy less synthetically practical. For all three syntheses, the identities of their 
intermediates and final products are simply based on melting point or elemental analysis, 
which may not be accurate enough to confirm the compounds’ bond connections, stereo 
chemistries or purities. 
In this work, an efficient synthetic strategy to demissidine was explored. This synthesis 
took advantage of a Lewis acid mediated ring fragmentation reaction of a 
γ-silyloxy-β-hydroxy-α-diazoester, and successfully illustrated the synthetic application 
and value of this novel methodology. In combination with a subsequent azomethine ylide 
1,3-dipolar cycloaddition, this sequence also showcased a general strategy for 
constructing nitrogen containing heterocyclic systems, especially the indolizidine 







C NMR, IR and high resolution mass spectrometry. Spectral 
data of synthetic demissidine (9) from this work was compared with spectral data 
obtained from natural demissidine and identical results confirmed the correct structure of 
the synthetic product. 
 
1.4 Lewis acid catalyzed ring fragmentation and 1,3-dipolar cycloaddition of 
azomethine ylides in natural product synthesis 
1.4.1 Lewis acid catalyzed ring fragmentation of cyclic γ-silyloxy-β-hydroxy-α-diazo 
carbonyls 
1.4.1.1 Carbon-carbon bond cleaving reactions and the Lewis acid promoted ring 
fragmentation reaction 
Carbon-carbon bond cleaving reactions are unique transformations and useful synthetic 
tools in organic chemistry. They can unmask latent fictional groups under chemoselective 
reaction conditions and can provide functionalized synthetic intermediates that are 
otherwise difficult to prepare.
65
 Fragmentations of ring systems can result in two newly 
formed functional groups tethered via a linear atomic chain, and thus are particularly 
useful from a synthetic standpoint. Depending on the needs of subsequent manipulations, 
the tether length can be predefined by varying the ring size, allowing greater flexibility 
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and versatility. Unfortunately, limited ring cleaving reactions have been reported in the 
literature. Classical transformations with practical synthetic values include the Grob 
fragmentation which provides tethered alkenyl ketones,
66-68
 the Eschenmoser-Tanabe 
fragmentation which provides tethered alkynyl ketones,
69-72
 and the nucleophile induced 
vinylogous acyl triflate fragmentation which gives tethered alkynyl ketones, reported by 




Scheme 1.4 Examples of ring fragmentation reactions 
 
 
In 2008, the Brewer group reported a Lewis acid induced ring fragmentation of cyclic 
γ-silyloxy-β-hydroxy-α-diazo carbonyls to either ynoates or ynones tethered to an 
aldehyde, ketone or ester.
77
 This C-C bond fragmentation was initially observed when 
α-diazoester 26 was treated with indium(III) triflate. From a complex mixture of products, 
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the isolation of ethyl 3-phenylpropiolate (27) in 17% yield suggested the loss of the 
β-silyloxy group, molecular nitrogen and fragmentation of the Cβ-Cγ bond on 
α-diazoester.  
 
Scheme 1.5 Initial observation of C-C bond fragmentation 
 
 
A similar but better C-C bond cleavage was later observed for α-diazoester 30 (Scheme 
1.6) in which the Cβ-Cγ bond was contained within a ring. 
γ-Silyloxy-β-hydroxy-α-diazoester 30 was prepared by the addition of ethyl 
lithiodiazoacetate to the α-silyloxy ketone 28. Treating diazo 30 with indium triflate 
resulted in vigorous gas evolution and provided tethered aldehyde ynoate 31 in 87% yield 
(Scheme 1.6). Such success impelled subsequent studies on the optimization of this 
reaction.   
 





1.4.1.2 Optimization of reaction conditions 
A variety of Lewis acids were tested for the ring fragmentation reaction. Among them, 
the authors discovered that freshly dried indium triflate and freshly distilled tin 
tetrachloride most efficiently promoted the fragmentation; BF3OEt2, MgBr2OEt2, 
scandium triflate, titanium tetrachloride, and anhydrous HCl provided more complex 
product mixtures. Dibutyl tin dichloride, lithium perchlorate, and titanium isopropoxide 
failed to react.  
The effect of solvent was also investigated. Changing the solvent from 
dichloromethane (DCM) to toluene had little effect on the reaction, whereas 
dimethylformamide (DMF) inhibited the reaction completely. In consideration of the 
limited solubility of indium triflate in DCM, tin tetrachloride in DCM was chosen as the 
final combination. A reproducible 94% yield of tethered aldehyde ynoate 31 was obtained 
by treating diazo 30 with 100 mol % tin tetrachloride at 0 
o
C in DCM. A lower product 
yield was observed with a reduced quantity of tin tetrachloride or at other temperatures.   
 
1.4.1.4 Mechanism 
To account for this reactivity, a Grob type fragmentation mechanism based on some 
previous studies of diazocompounds
78,79
 was proposed. The authors hypothesize that 
 17 
 
when treated with tin tetrachloride, γ-silyloxy-β-hydroxy-α-diazoesters would eliminate 
the β-hydroxy group to provide the vinyl diazonium 32. As the Cβ-Cγ bond and the C-N 
bond are coplanar within the structure, intermediate 32 would be able to undergo a Grob 
type fragmentation in which lone pair donation from the γ-oxygen would result in Cβ-Cγ 
bond fragmentation and loss of molecular nitrogen, providing ynoate 33. Subsequent loss 







1.4.2 1,3-dipolar cycloaddition of azomethine ylides in natural product synthesis 
The conceptual framework and mechanistic rationalization for 1,3-dipolar 
cycloadditions were laid out by Huisgen in 1963.
80-83
 As a trusted tool in targeted 
synthesis, 1,3-dipolar cycloaddition reactions proved to be particularly powerful in 
constructing heterocyclic systems.
84,85
 With a great versatility from various classes of 
dipoles and dipolarophiles, the impact of 1,3-dipolar cycloaddition reactions in the area 
of heterocyclic synthesis is claimed by Nair to be “in many ways comparable to that of 
 18 
 
Diels-Alder reactions on carbocyclic synthesis”.86 
In particular, asymmetric 1,3-dipolar cycloadditions of azomethine ylides with alkenes 
or alkynes are highly effective transformations for synthesizing dihydropyrroles, pyrroles 
and pyrrolidines.
87
 Azomethine ylides are nitrogen-based 1,3-dipoles that have four π 
electrons spread over the three-atom C-N-C unit.
87,88
 As shown in Figure 1.5, four 
zwitterionic resonance forms of azomethine ylides can be drawn, in which the dominant 
representations are the ones with a positive charge located on the nitrogen atom and a 




Figure 1.5 Resonance structures of 1,3-dipole 
 
 
After the first report of intramolecular 1,3-dipolar cycloaddition reactions of 
azomethine ylides in 1976, methods for generating azomethine ylides have been 
expanded greatly.
87, 89
 Common strategies include condensation of an aldehyde with an 
amine,
90




 and deprotonation 
of iminiums
94
 (Scheme 1.8). 
Cycloadditions of azomethine ylides with π-systems (alkenes or alkynes) are generally 
considered to be concerted processes which involve a total of six π electrons [π4S+π2S] 
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and follow the Woodward-Hoffmann rules.
95-97
 In terms of frontier molecular orbital 
(FMO) theory, 1,3-dipolar cycloadditions of azomethine ylides with activated alkenes or 
alkynes should be preferred due to the maximum overlap of the HOMO of electron rich 
azomethine ylides with the LUMO of electron poor π-systems (Figure 1.6). 







The cycloaddition of azomethine ylides is highly stereoselective and atom 
economical.
98
 With three possible reactive geometries of the ylides (Figure 1.7), the 







 in the product is derived from the different configuration of 
the dipole (azomethine ylide); the stereochemistry of R
4
 comes from the dipolarophile, 
depending on the substituent’s steric and electronic nature. Coldham and Hufton87   
discovered that in general, an S-shaped ylide is preferred for cycloadditions; however, 
2,5-cis-disubstituted products are not uncommon and the final stereo outcome in 
individual cases may vary by subtle steric or conformational effects. 
 
Figure 1.7 The stereo outcomes of W-shaped, U-shaped and S-shaped ylides 
 
 
In terms of regioselectivity, cycloadditions are generally controlled by steric 
effects.
87
 In particular, intramolecular reactions of tethered dipoles and dipolarophiles 
usually allow the formation of one single regioisomer due to the limited effective orbital 
overlap caused by conformational constraints. Accordingly, a proper tether length proves 
 21 
 
to be fairly important in an intramolecular cycloaddition. Successful attempts usually 
require at least four atoms in the tether.
99 
There are two types of possible cycloadditions that can occur by tethering the dipole 
and dipolarophile in different orientations as noted Coldham and Hufton (Scheme 1.8).
87
 
For Type I, the ylide is tethered through one of the dipolarophile’s carbons. This type of 
reaction affords fused ring systems and is more common in the literature. Differentiated 
by the stereo outcome across the two new rings, both cis- and trans-fused products have 
been reported, with a general predominant formation of cis-fused products. For Type II, 
the azomethine ylide is tethered through the nitrogen atom. Reactions of symmetrical 
dipoles of this type present no regioselectivity issues and are efficient strategies for 








and coworkers reported the synthesis of pyrrolidine ring systems 
through a [3+2] cycloaddition of azomethine ylides to olefinic and alkyne dipolarophiles 
with good stereo control. In this work, 5-phenyl-morpholin-2-one reacts with 5-hexynal 
 22 
 
to produce enantiomerically pure bicyclic proline derivatives (Scheme 1.9). They 
rationalized that the great stereoselectivity was due to a favored W-shaped ylide geometry 
and an anti-1,3-dipolar cycloaddition. Later computational calculations supported such 
rationalization and confirmed that the proposed ylide geometry allows the lowest energy 





Microwave-induced intramolecular 1,3-dipolarcycloadditions of N-substituted 
azomethine ylides were reported by Cheng and coworkers.
101
 In this work, the aldehyde 
46 was first mixed with sarcosine ethyl ester and silica gel (60 PF254); the mixture was 
then placed on a Pyrex plate and irradiated in a microwave oven for 15 min to complete 
the reaction. Good stereoselectivity and yields of the cycloadducts (eg 48a and 48b, 






  More recently, the Brewer group reported a three-step synthetic approach to polycyclic 
2,5-dihydropyrrole systems from α-silyloxy ketones (Scheme 1.11).102 When treated with 
amino acid silyl ester, the tethered aldehyde ynoate intermediate 31 (generated from a 
Lewis acid mediated ring fragmentation) undergoes intramolecular azomethine ylide 






This example is notable because it successfully illustrated and highlighted the synthetic 
value of the Lewis acid mediated ring fragmentation in the synthesis of structurally 
complex nitrogen-containing heterocycles that are otherwise difficult to be prepared by 
other methods. The cycloaddition of an appropriate tethered aldehyde ynoate with a 
suitable amino acid silyl ester can generate the desired polycyclic 2,5-dihydropyrrole 
structure in a highly diastereoselective manner. 2,5-Dihydropyrroles are useful structural 
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precursors to the core framework of a number of alkaloidal compounds and are flexible 
intermediates in organic synthesis. Lying at an intermediate oxidation state, 
2,5-dihydropyrroles can be easily oxidized to pyrroles or reduced to pyrrolidines, both of 
which are equally common and important structures in alkaloid synthesis. For instance, 
the indolizidine framework present in demissidine might be achieved by reducing the 
2,5-dihydropyrrole which is prepared from the azomethine ylide 1,3-dipolar 
cycloaddition of an ynoate and the silyl ester of an amino acid (Scheme 1.12). The 
complete retrosynthetic analysis and preparations of the key intermediates for this 
transformation will be introduced with details in future chapters of this thesis.   
 
Scheme 1.12 Retrosynthetic analysis of demissidine 
 
 
1.5 Concluding remarks 
Discovered and isolated from the potato species, glycoalkaloids act as natural insect 
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deterrents in potatoes and play important roles in both the production and consumption 
safety of the world’s fourth-largest food crop. As the hydrolyzed product of the primary 
glycoalkaloids, demissidine represents one major Solanum alkaloid and exhibits 
interesting biological activities together with potential medical values. Our synthesis 
offers a novel synthetic route to demissidine from epiandrosterone. The core indolizidine 
structure present in demissidine was elegantly prepared by the sequential combination of 
a Lewis acid mediated ring fragmentation and a subsequent azomethine ylide 1,3-dipolar 
cycloaddition. This strategy offers a convenient method to indolizidine frameworks that 
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Chapter 2: Retro-Synthesis of Demissidine and the Fragmentation of Steroid-based 
Precursor 
Build on a C27 cholestane skeleton, demissidine represents one of the five primary 
steroidal alkamine structures of Solanum aglycones. The indolizidine framework found in 
demissidine is the distinctive unit for the solanidane group compared to other major 
Solanum alkaloids (Figure 1.3, Chapter 1). An effective synthetic approach to this unique 
structural fragment is key to the synthesis of demissidine, and possibly to the syntheses of 
other alkaloidal natural products with similar frameworks.  
 
2.1 Retrosynthetic analysis of demissidine 
In this synthetic work, we envisioned forming the indolizidine framework contained 
in demissidine by modifying 2,5-dihydropyrrole 56 (Scheme 2.1). This advanced staged 
compound would be formed by the combination of a Lewis acid mediated ring 
fragmentation and a subsequent azomethine ylide 1,3-dipolar cycloaddition.  
The requisite steroid-based tethered aldehyde ynoate 57 could be formed by 
fragmentation of γ-silyloxy-β-hydroxy-α-diazoesters 58, which in turn could be prepared 





Scheme 2.1 Retrosynthetic analysis of demissidine 
  
 
2.2 The synthesis of the ring fragmentation precursor 
Epiandrosterone, our planned starting material for this synthesis, was unavailable in 
the USA and even if it were available, it was listed as being three times more expensive 
than readily available trans-dehydroandrosterone.a With this in mind we began the 
synthesis from trans-dehydroandrosterone and hydrogenation over Pd/C provided the 
desired epiandrosterone in 99% yield. The preparation of enantiomerically pure 
α-hydroxy ketone 63 was achieved by modification of known procedures.1-3 Bromination 
of epiandrosterone (59) by copper bromide in refluxing methanol afforded α-bromo 
ketone 61 as an epimeric mixture. This material was purified by recrystallization from 
methanol and column chromatography, but the diastereomers were not separated. The 
                                                             
a
. trans-Dehydroandrosterone was purchased from Sigma-Aldrich for $105/10G; the price of 
epiandrosterone from international providers is around $350/10G. This information was obtained from the 
internet in April, 2014. 
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secondary alcohol present in 61 was protected as the tert-butyldimethylsilyl ether and the 
crude mixture was carried to the next step without purification. Alkaline hydrolysis of 
bromide 62 occurs stereoselectively to give only the 16α-hydroxy ketone 63. The 
selectivity of this process stems from a kinetic resolution event. The 16α-bromide 
epimerizes under the basic reaction conditions and the 16α-hydroxy 17-ketone is formed 
from the direct SN2 displacement of the 16β-bromide (Scheme 2.2).
3
 Protection of the 
free alcohol as the TES ether and subsequent aldol-type addition of ethyl 
lithiodiazoacetate to the carbonyl provided the diol as a mixture of diastereomers in 
quantitative yield (Scheme 2.2).  
 







2.3 Stereoelectronic effect in steroid-based fragmentations 
Aldol addition of ethyl lithiodiazoacetate to ketone 64 afforded a mixture of two 
diastereomeric γ-triethylsilylether-β-hydroxy-α-diazoesters 65s and 65a, which could be 
separated by column chromatography. The syn isomer 65s and the anti isomer 65a in this 
case are identified by the relative stereochemistry of the diol. Previous studies
4
 on 
diasteromeric cycloheptanone derivatives revealed that both cis and trans diol 
diastereomers fragmented to provide 9-oxonon-2-ynoate in somewhat comparable yields 
(Table 2.1, entries 1 and 2). However, fragmentation of structurally complex 
steroid-based substrates 65s and 65a showed significant differences: the fragmentation 
yield of the trans-diol 65a is dramatically lower than the cis-diol diastereomer 65s (Table 

































 Results of entry 1 and entry 2 obtained from Draghici, C. Discovery of a novel ring fragmentation 
reaction; Efficient preparation of tethered aldehyde ynoates and N-containing heterocycles; Radical 
addition approach to asymmetric amine synthesis. Ph.D.; University of Vermont, Burlington, VT, 
February 2009. 
b. 




 rationalized that the difference in reactivity of the two steroid-based 
isomers could be explained by stereoelectronic effects. A proper orbital alignment for the 
initial β-hydroxy elimination is essential to the C-C bond fragmentation. In our proposed 
mechanism (Chapter 1, Scheme 1.7), the bond fragmentation together with the loss of 
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molecular nitrogen occur at the point of the vinyl diazonium intermediate 32, which was 
generated by eliminating the β-hydroxy group from the ring fragmentation precursor. 
Accordingly, an inefficient fragmentation could be the result of incomplete elimination of 
the β-hydroxy group, which would lead to inadequate formation of the vinyl diazonium 
intermediate and thus a lower yield.  
In order for the elimination of the β-hydroxyl to occur, a parallel alignment of the 
leaving group and the p orbital on the diazo carbon is required. The difference in 
observed reactivity for cis-diol 65s and trans-diol 65a could be explained by the different 
stereoelectronic orientations of the diazoester moiety in the two diastereomers.
5
 For the 
cis-diol isomer 65s, steric interactions involving the diazoester are insignificant which 
allows proper β-hydroxyl elimination (65s, Figure 2.1). However, for the trans-diol 
isomer 65a, steric interactions between the diazoester and the adjacent silyloxy group 
may prevent the diazoester from adopting the required conformation for elimination to 




      65s: Insignificant steric interactions       65a: Steric interaction inhibits proper orbital 
allow the β-hydroxy elimination          alignment for β-hydroxy elimination 
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2.4 Protecting Group Effects 
2.4.1 Diastereoselectivity of the ethyl lithiodiazoacetate addition 
The fact that the trans-diol fragmented in such low yield represented a bottle-neck in 
our planned synthesis. To get around this issue we needed a better diastereoselectivity in 
the ethyl lithiodiazoacetate addition to the α-silyloxy ketone in favor of the desired syn 
diastereomer. We rationalized that the diastereoselectivity of this aldol-type addition is 
controlled by the direction of the nucleophilic attack, which would be directed by the 
steric shielding interactions of the α-silyloxy ketone. In our case, two steric factors in the 
ketone can influence the direction of approach of the incoming nucleophile: the axial 
methyl group and the silyl protecting group. (Figure 2.2a) Initially, we reasoned that the 
axial methyl group hinders the nucleophilic attack from the top face of the ketone, 
favoring formation of the anti product; the silyl protecting group, on the contrary, should 
block the bottom face and force the nucleophile to attack from the less obstructed top 
face, facilitating the formation of the desired syn product. Thus, we reasoned that 
increasing the bulk of the protecting group would cause the incoming nucleophile to 










Some initial studies conducted by Draghici
4
 revealed, however, that contradictory to 
our hypothesis, increasing the steric bulk of the protecting group actually favored the 
formation of the undesired anti diastereomer (Table 2.2, Entry 1). In addition, the syn : 
anti ratio increased from 1.2 : 1 to 3.7 :1 by switching from the TBS to TES (Table 2.2, 
Entry 2 and 3). After building an actual model, it seems likely that bigger protecting 
groups, such as –TBDPS, may actually orient themselves in a way that would block 
approach from the top face of the steroid. Fortunately, the diastereomers in these cases 
can be separated by column chromatography and the desired syn product can be carried 
into the ring fragmentation as the single diastereomer. The observation of a better 
diastereoselectivity with R
2
 protected as TES ether made us believe that 65s (Table 2.2, 
Entry 3) was a better candidate in our synthesis of demissidine. However, ring 
fragmentation of TES protected 65s gave unreproducible reactions and lower yields of 
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the desired ynoate 66, whereas TBS ether 67s fragmented to the same ynoate in a better 
yield and with a good level of consistency (Scheme 2.4). 
 
Table 2.2 Diastereoselectivity of ethyl lithiodiazoacetate addition with different 

























 70 TBS TBS 1 84% 1.2 : 1 
3
a
 64 TBDPS TES 1 83% 3.7 : 1 
4 64 TBDPS TES 2 99 3.6 : 1 
5 68 TBDPS TBS 2 97 3.2 : 1 
Note: 
a
 Reference 4. 
b 
Two conditions: for reaction condition 2, see Chapter 5, experimental procedure of 
compound 67s; the ratio of the ketone to ethyl diazoacetate is 1:2. Reaction condition 1 is the same as 
condition 2 except for the ratio of the ketone to ethyl diazoacetate is 1:1.2. 
c 
Isolated yield after purification 
by column chromatography. 
d 
Ratios of entry 5 and 6 are determined by 
1












The dilemma present in the synthesis impelled me to reevaluate the ethyl 
litiodiazoacetate addition step. The TBS ether 67 was re-prepared by using the same 
synthetic route (Scheme 2.5). I was pleased to discover that an increased amount of ethyl 
diazoacetate and LDA (2.0 equivalent) greatly improved the overall yield of the aldol 
type addition and led to an almost quantitative formation of the two diastereomers. In 
addition, a better diastereoselectivity (syn : anti = 3.2 : 1) for the addition was noted 
(Table 2.2, entry 5). This finding is important because it tells us the steric effect of the 
neighboring group is somewhat comparable in case of TES ether and TBS ether. In 
combination with the inconsistent fragmentation results of the TES ether 65, TBS ether 












2.4.2 Stability Issue 
While the choice of the R
2
 protecting group (Table 2.2) can affect the 
diastereoselectivity of the ethyl litiodiazoacetate addition reaction, the R
1
 protecting 
group is far away from the reaction center and should have little or no influence on the 




as the same 
silyl ethers, which would save one synthetic step. To do so, we synthesized diol 71 












  The discovery of smoother fragmentation results with the α-silyloxy group protected 
as tert-butyldimethylsilyl enlightened us to synthesize the bis-TBS ether 70 through a 
dual protection of the diol 71 (Scheme 2.6). The reaction was carried out under standard 
conditions, and 
1
H NMR of the crude reaction confirmed the formation of 
bis-tert-butyldimethylsilyl derivative. To our surprise, however, the TBS group on C3 
seemed to be extremely unstable; it fell off during standard column chromatography 
purification (Hexene/EtOAc : 30/1, Rf = 0.28). The major product obtained after 
purification is the mono-protected compound 72, which stayed at the baseline (Hexane/ 
EtOAc : 30/1).  
Even though the real reason for this unexpected result is still unknown, we assumed 
that the cleavage of the TBS group must be caused by acid contamination during column 
chromatography. To solve this problem, we analyzed our solvents (both hexane and ethyl 
acetate) by 
1
H NMR, but observed no acid source present. Also, a more neutral davisil 
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silica gel was used for this purification and the column was pretreated with Hexene/ 
EtOAc and 1% triethylamine before the crude reaction mixture was loaded. These 
measures ameliorated the problem and the desired bis- tert-butyldimethylsilyl derivative 





However, the stability issue of the protecting group on C-3 still seems to be unsolved 
and we encountered the same problem in the subsequent ring fragmentation step. 
1
H 
NMR showed the major tethered aldehyde ynoate product we isolated from column 





The reason for the TBS cleavages is still not understood, but we decided to avoid this 
issue by using a more robust protecting group on the C3 hydroxyl. In consideration of the 
experimental practicality and the future steps, we decided to replace the TBS on C3 with 
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the more stable TBDPS by following our original synthetic route (Scheme 2.5).    
 
2.5 The Lewis acid catalyzed ring fragmentation of steroid-based compounds 
The reaction conditions for the Lewis acid catalyzed ring fragmentation have been 
intensively investigated by Draghici.
4
 In his model system studies, he explored the effects 
of different Lewis acids, reaction temperatures, solvents and reaction concentrations. This 
work led him to discover that consistent and good results could be obtained by using tin 
tetrachloride (SnCl4) at 0 
o





Employing these optimized reaction conditions, our initial exploration of the 
fragmentation reaction on steroid-based compound 65 revealed that only the syn-diol 
could undergo the Cβ and Cγ bond cleavage to afford the desired tethered aldehyde ynoate 
as the major product (Table 2.1, entry 3 and 4). Besides, inconsistent fragmentation yields 
varying from 32% to 69% have been observed from the TES ether 65 (Scheme 2.4). To 
rationalize the relative low yield and inconsistent results, two hypotheses have been made 





2.5.1 Addition rate of Lewis acid 
The Lewis acid catalyzed ring fragmentations are highly time efficient reactions; one 
strong indication of rapid bond fragmentation is the immediate gas (N2) evolution after 
SnCl4 addition. For our very initial studies, tin tetrachloride (1M in DCM) was always 
added into a solution of 65s in DCM dropwise under a nitrogen atmosphere at 0 
o
C. Less 
gas evolution could be observed towards the end of the SnCl4 addition, which indicated 
that the reaction rate was getting slower before the addition process finished. Yields of 
these slow addition cases were usually lower (32%~69%). Better yields could be 
obtained by increasing the addition rate of the Lewis acid, and it is preferable to introduce 
the SnCl4 into the reaction directly (by placing the needle under the reaction solvent level) 
as a steady stream.  
Anhydrous tin(IV) tetrachloride is a highly reactive reagent. The colourless liquid 
gives white fumes with a stinging odor on contact with air. This trait caused SnCl4 to be 
used as a chemical weapon to form an irritating dense smoke in World War I.
6
  Reacting 
with the moisture in air, one equivalent SnCl4 generates four equivalents of hydrochloric 
acid (SnCl4 + 2H2O  SnO4 + 4HCl).  
One possible explanation for the low yields obtained with slow addition of SnCl4 could 
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be the generation of hydrochloric acid during the addition process. In the Lewis acid 
screening studies, Draghici discovered that anhydrous HCl provided complex product 
mixtures and failed to give the desired product.
4
 In my study, even though all the 
fragmentations were conducted in anhydrous environments, it is possible that trace 
amounts of moisture could have reacted with SnCl4 to generate HCl. This in turn could 
decompose the fragmentation substrate before the addition of SnCl4 was completed, 
leaving the later added SnCl4 impotent. A prompt addition of the Lewis acid allows 
maximum concentration of SnCl4 to induce the fragmentation at the earliest time; after 
the fragmentation has occurred, later generated HCl should have little effects on the 
desired transformation.  
 
2.5.2 Lability of the protecting groups 
An alternative possibility attributes the lower yield obtained from the TES ether than 
the TBS ether (Scheme 2.4) to the stability difference between these two protecting 
groups. The TES protecting group is about 100 times more labile than the TBS group. In 
the presence of SnCl4, TES is more likely to fall off before the bond fragmentation occurs. 
The generation of a second hydroxy group may affect the desired β-hydroxy elimination, 







2.6 Concluding remarks 
In this chapter, the syntheses of steroid based ring fragmentation precursors for 
demissidine and their fragmentation results are introduced. Starting from commercially 
available androsterone, the ring fragmentation precursors were generated from an aldol 
type addition of ethyl lithiodiazoacetate. The diastereoselectivity (syn and anti) of the 
reaction was analyzed in detail. For the ring fragmentation step, the differences between 
syn and anti precursors can be explained by stereoelectronic effects, and two additional 
hypotheses have been proposed, which further supplemented the previous studies and 
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Chapter 3: Construction of the Pyrrolidine Subunit of Demissidine: Azomethine 
Ylide 1,3-Dipolar Cycloaddition and Pt-catalyzed Oxidation and Reduction 
  The unique substructure present in demissidine is the pyrrolidine-containing 
tricyclic ring system. Pyrrolidines and pyrroles are common structures in alkaloid natural 
products, and they can be prepared from 2,5-dihydropyrroles by reduction or oxidation 
respectively. For the synthesis of demissidine, we focused a great deal of effort on 
optimizing an azomethine ylide 1,3-dipolar cycloaddition and subsequent oxidation and 
selective reduction as an efficient strategy to construct the indolizidine framework of 
demissidine in a stereoselective manner. In principle, this reaction sequence could be 
applied to the syntheses of other polycyclic amine natural products.  
 
3.1 The azomethine ylide 1,3-dipolar cycloaddition 
1,3-Dipolar cycloadditions, especially reactions of azomethine ylides, are important 
methods in heterocycle synthesis. In the past several decades, azomethine ylides have 
received significant interest for targeted synthesis and various methods of preparing these 
dipoles have allowed great reaction versatilities. Azomethine ylides can be prepared by 
prototropy or metalation from imines, ring opening of aziridines, or reactions of an 
aldehyde with secondary α-amino acids or esters.1  
In the synthesis of demissidine, we regard the tethered aldehyde ynoate 66 (Scheme 
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3.1) generated from the Lewis acid promoted fragmentation, as a desirable precursor for 
an intramolecular azomethine ylide 1,3-dipolar cycloaddition. Specifically, the aldehyde 
in 66 could condense with the silylated amino acid 54 and generate the azomethine ylide 
through decarboxylation, the subsequent 1,3-dipolar cycloaddition of this dipole with the 
alkyne would afford the core pyrrolidine framework found in demissidine and finish the 
D, E and F ring in one single step (Scheme 3.1). In this sequence, the α-oriented methyl 
attached at C25 derives from (5S)-5-methylpipecolic acid derivative 54. The synthesis of 
this compound will be illustrated in more detail in Chapter 4 of this thesis. This chapter 
will focus on reaction condition explorations and optimizations that were conducted 
using the simpler silylated pipecolic acid 80. (Scheme 3.2) 
 
Scheme 3.1 
   
 
The silylated amino acid 80 used for the initial exploration can be prepared from 
commercial available 2-piperidinecarboxylic acid (78) by treatment with diethylamino 
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trimethylsilane (79). In order to form the mono-silylated product, it was necessary to 
carefully control the stoichiometry of the diethylamino trimethylsilane used. Neat 
reaction of 78 and 79 at 95 
o
C afforded the desired silyl ester 80, which is exceptionally 
unstable toward hydrolysis, but could be isolated by vacuum distillation from the crude 
reaction (Scheme 6). 
 




While the 1,3-dipolar cycloaddition is a concise method of generating the core 
structure of demissidine, it is relatively low yielding. The reported yield of this reaction 
from previous studies was 78%.
2
 However, in my experience, the yields were usually 
much lower; in some cases, the reaction failed outright. The inconsistency and poor 
reactivity could be partially explained by the instability of the starting materials: The silyl 
ester hydrolyzed easily, and the aldehyde was prone to oxidation. Due to the small scale 
of the reactions, trace amounts of moisture or oxygen may contaminate the tethered 
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aldehyde ynoate 66 or silylated amino acid 80, leading to failed results. Nonetheless, a 
careful screen of the reaction conditions would elucidate the crux of the matter and offer 
more practical solutions to improve the efficiency of this transformation.  
 
3.1.1 Model system study and reaction conditions 
My optimization of the reaction started with a simpler model system study in which the 
tethered aldehyde ynoate 31 is prepared from α-silyloxy ketone in two steps (Scheme 
3.3).
2
 The subsequent 1,3-dipolar cycloaddition reaction of this tethered compound with 
silylated amino acid 80 would afford a 2,5-dihydropyrrole-containing tricyclic ester 81, 
which is essentially the framework of the core structure in demissidine. During this 
model system study I discovered that this azomethine ylide 1,3-dipolar cycloaddition 
could be influenced by at least three factors: the ratio of the starting materials, reaction 













3.1.1.1 Amount of amino acid 
Our initial exploration started with an interesting experimental observation. Following 
the original procedure,
2
 the trimethylsilyl ester of pipecolic acid 80 (1.1 equiv) was added 
dropwise to a room temperature solution of tethered aldehyde ynoate 31 (1.0 equiv) in 
dry toluene. The reaction was stirred at room temperature for 30 min and then at reflux 
for another 30 min. During this process, cloudiness could be observed very quickly after 
the initial mixing of the starting materials. Towards the end of the reaction, the mixture 
turned very hazy and a significant amount of white precipitate could be observed.  
The desired 2,5-dihydropyrrole derived from this reaction was an oil that had a light 
yellow color, and both the pipecolic acid ester 80 and tethered aldehyde ynoate 31 are 
colorless liquids. The significant amount of white precipitate observed from this reaction 
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indicates the generation of an undesired by-product. After isolation and characterization, 
the precipitate was identified as the dimerized product of the amino acid ester 82 
(Scheme 3.4).  
Scheme 3.4  
 
 
The discovery of the dimer led us to investigate the proper amount of the silylated 
pipecolic acid 80 to use in the reaction. Our initial attempt with 0.95 equivalents of 80 
and 1.0 equivalent of 31 worked quite well for this transformation: the reaction looked 
much cleaner with only small amounts of white precipitate observed at the end.  A 90% 
isolated yield of the desired 2,5-dihydropyrrole is also a significant increase compared to 
the previous study (78%).
2
 A further decrease of the amino acid to 0.9 equivalent seemed 
to have a negative effect on the reaction as the yield of 81 dropped to 78% (Table 3.1). 
The lower yield with excess amount of silylated pipecolic acid 80 could be 
alternatively explained by a possible side reaction of the excess amine with the ynoate;  
an undesired nucleophilic addition of the amino acid to the alkyne would prevent the 




3.1.1.3 Reaction temperature 
Another key factor involved in our investigation was the reaction temperature. Our 
studies revealed that rather than start the reaction at room temperature, higher yields and 
better consistency were obtained by mixing the starting materials at 0 
o
C and keeping the 
reaction at such temperature for 5 min before raising the temperature to room temperature 
for 30 min and then reflux (Table 3.1). Presumably, lower temperature decreases side 
reactions thus promoting the initial condensation of the aldehyde and amine, allowing 
more efficient generation of the oxazolidinone intermediate,
3
 which then releases carbon 















 H 1 1.1 rt  78 
2 H 1 0.95 0 90 
3 H 1 0.9 0 78 
4
a
 TMS 1 1.1 rt 78 
a.
 Ref. 2. 
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3.1.1.2 Silylation of the amino acid 
The condensation of an aldehyde with a secondary amine containing a α-carbonyl is 
one of the very basic methods of generating azomethine ylides. Depending on the amine, 
this class of reaction can be further categorized into two types: reactions with α-amino 
esters and reactions with α-amino acids.  
With an electron-withdrawing group on the α-carbon, α-amino esters generate 
stabilized ylides by deprotonation of the initial iminium ion. The dilemma present in such 
type of reaction is the carbonyl group: it is required for stabilizing the ylide, but may not 
be a necessary functionality in the product.
1
 In our synthesis of demissidine, the 
introduction of the extra ester group in the cycloadduct is ineffectual and will require 
unnecessary future steps. In addition, the use of amino acid ester hydrochlorides as 
azomethine ylide precursors has been reported, but such transformations take longer time 







Alternatively, the reaction of an α-amino acid with an aldehyde generates an 
unstabilized azomethine ylide through decarboxylation and this is an important strategy 
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to pyrrolidine systems. The decarboxylative generation of azomethine ylides is 
commonly achieved with free amino acids.
1,6-8
 The polarity of amino acids, however, 
proves to be a stumbling block for efficient transformations: the poor solubility of these 
amino acids in organic solvents could result in incomplete molecular collisions, leading 
to low yields or failed reactions. In particular, we discovered that the pipecolic acid 78 
(Scheme 3.2) is nearly insoluble in either toluene or dimethylformamide (DMF).  
One effectual strategy to address the solubility issue is silylation of the free amino acid. 
An early example of such a transformation is the reaction of aldehyde 85 with 
trimethylsilyl ester of N-methyl-glycine 86 reported by Confalone and Huie in the 
synthesis of Sceletium Alkaloid A4 (Scheme 3.6).
4
 Similar chemistry has also been 
applied to the synthesis of (±)-α-lycorane 92.9 The cis fused cycloadduct 91 was prepared 
by the condensation of aldehyde 88 with N-benzylglycine 89 and hexamethyldisilazane 
90 as a single stereoisomer, which was converted to α-lycorane 5 by hydrogenolysis and 
iminium ion cyclization (Scheme 3.6 ). 
The synthesis and isolation of pure bissilyl proline was first reported by Rühlmann.
10
 
The same doubly silylated proline has also been prepared through a different strategy 
reported by Sisti and coworkers in their synthesis of oxazolidinone 95. In this sequence, 
the L-(-)-proline reacts with hexamethyldisilazane in the presence of a catalytic amount 
of concentrated sulphuric acid; subsequent treatment with trimethylchlorosilane afforded 











For our azomethine ylide 1,3-dipolar cycloaddition, we adopted a strategy for the 
silylation of amino acids which is practically easier and allows us to synthesize either 
pure monosilyl or pure bissilyl pipecolinic acid. During these studies, we discovered that 
the silylation extent of the amino acid is an important factor to successful cycloadditions. 
Yields of reactions with pure monosilyl α-amino acid are usually higher than those with a 
mixture of mono- and bissilyl α-amino acid (Table 3.1). Therefore, the ratio of 
2-piperidinecarboxylic acid 78 with diethylamino trimethylsilane 79 is always strictly 
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controlled as 1:1 in order to form pure mono-silylated product (Scheme 3.2). Consistent 
with our observation, previous research conducted by Draghici
5
 indicates that monosilyl 
α-amino acids are more reactive than bissilyl α-amino acids in reactions with aldehyde 





3.1.2 Optimization on the steroid 
The optimal conditions I discovered for the azomethine ylide 1,3-dipolar cycloaddition 
was applied to the steroid-based substrate 66 (Scheme 3.9). In this procedure, the 
trimethylsilyl ester of pipecolic acid (80) (1.0 equiv.) was added to a solution of freshly 
made tethered aldehyde ynoate 66 in toluene dropwise at 0 
o
C under nitrogen. The 
mixture was kept at 0 
o
C for five minutes during which the formation of a light cloudness 
could be observed. The reaction was then warmed to room temperature and kept at that 
temperature for half an hour at which point it was transferred to a preheated oil bath to 
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rapidly warm to reflux. Successful reactions usually provided clear bright-yellow liquid 
with little or no white precipitate.  
 
Scheme 3.9 azomethine ylides 1,3-dipolar cycloaddition with conventional heating 
 
 
With these optimized reactions conditions, I was pleased to discover that the yield of 
this cycloaddition increased from 80%
2
 isolated yield to 86% (Scheme 3.9). In addition, 
the formation of an unexpected pyrrole compound 100 was observed for the first time 
from this cycloaddition reaction. Both TLC and crude NMR confirmed the presence of 
this compound in the crude reaction mixture, so we are confident that this pyrrole was 
generated during the reaction itself, not during the subsequent purification step. Even 
though the isolated yield of pyrrole 100 was low (12% with certain amount of inseparable 
impurities), it hinted at the possibility that a higher overall yield for this azomethine ylide 
1,3-dipolar cycloaddition might be possible. 
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3.1.2.1 Microwave Assisted Azomethine Ylides 1,3-Dipolar Cycloaddition 
  Given a satisfying result with our optimal conditions, the emerging studies using 
microwave as the heating source
11
 encouraged us to conduct the key 1,3-dipolar 
cycloaddition by microwave chemistry. Conventional heating, such as oil bath, starts the 
heating process by heating the walls of the reactor via conduction, and thus it takes a 
longer time for the core of the sample to achieve the target temperature. Microwave 
heating, on the contrary, heats the target objects throughout their volume and produces 
more uniform heating.
12
 Therefore, shorter reaction time and better yields have been 




  Attempts with microwave irradiation still followed our general reaction procedure. 
Instead of using an oil bath, the heating part was conducted in a sealed reaction vessel in 
a microwave reactor, during which the reaction is not under a nitrogen atmosphere. We 
were pleased to discover a cleaner transformation and a better yield by microwave 
heating. A 97% overall yield with 79% of the 2,5-dihydropyrrole 77 and 18% of the 
pyrrole 100 illustrated the power and efficiency of the azomethine ylide 1,3-dipolar 
cycloaddition in constructing the core structure of demissidine. A slightly higher yield of 
pyrrole 100 could be possibly explained by the introduction of air during the microwave 
heating. Unlike oil bath reactions, it is difficult to assure a nitrogen atmosphere in the 
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microwave reaction under our current set up. Therefore, 77 is more likely to get oxidized 
by air during the microwave irradiation to generate pyrrole 100. 
 
Scheme 3.10 Microwave assisted azomethine ylides 1,3-dipolar cycloaddition 
 
 
3.1.2.2 Stereochemical outcome 
Cycloadditions of azomethine ylides are concerted processes and are highly 
stereoselective. The process involves a total of six π electrons [π4S+π2S] and the stereo 
outcome is predictable by the Woodward-Hoffmann rules.
14-16
 Additionally, 
stereoelectronic effects are crucial to the reaction selectivity.
1
 Conformational constraints, 
especially in intramolecular cycloadditions, usually only allow the formation of one 
single stereoisomer, and proper tether lengths are fairly important for effective orbital 
overlap in intramolecular reactions. 
  The single diastereomer we isolated from the 1,3-dipolar cycloaddition is the 
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2,5-trans-dihydropyrrole 77 (Scheme 3.10). 2D NMR analysis of a structurally similar 
substrate (101) conducted by Draghici
5
 had identified the stereo outcome of that reaction, 
and a NOE study I conducted on 2,5-dihydropyrrole 117 confirmed the stereochemistry 
of the proton attached to C16 (Figure 3.1). The β-orientated hydrogen is opposite to 






Influenced by conformational constraints, stereoelectronic effects usually only allow 
one specific relative orientation of the substituents on the 1,3-dipole (syn or anti). The 
stereo outcome of the cycloadduct can be predicted from the correlative stereochemistry 
of the dipole in combination with Woodward-Hoffmann rules. For example, syn 
(W-shaped) dipoles lead to 2,5-cis-dihydropyrroles and anti (S-shaped) dipoles lead to 









For our steroid-based cycloaddition, the initial condensation of the ynoate 66 and 
amino acid ester 80 leads to the formation of the oxazolidinone intermediate 108, which 
could exist in two possible conformations: 108a and 108s. According to our 
rationalization, the formation of 108a should be predominant because 108s is a higher 
energy conformation due to the steric interaction of the piperidine ring and the alkyne 
side chain. Thus 108s should be the minor conformation in the equilibrium. It is possible, 
however, that both 108a and 108s could release carbon dioxide upon thermolysis and 
generate the according azomethine ylides. 108a would afford an anti (S-shaped) dipole 
which would further react with the alkyne and lead to the formation of the 
2,5-trans-dihydropyrrole. In this case, the successful transformation stems from effective 
orbital overlaps, which rise from a proper tether length and negligible steric hindrance. 
108s would generate a syn (W-shaped) dipole after decarboxylation. The reactive 
conformation of this dipole should be unfavorable because of the steric interaction 
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between the highlighted methyl group and its β-carbon hydrogen. In addition, effective 
orbital overlap is restricted in this intermediate due to conformational constraints: the 
dipole is far away from the alkyne π electrons. The overlong spatial distance would 







3.2 The generation of a pyrrole 
With our optimal conditions, the carbon-skeletal core of demissidine was efficiently 
prepared through an azomethine ylides 1,3-dipolar cycloaddition. The major product we 
isolated from this reaction, the 2,5-trans-dihydropyrrole, however, has the opposite 
stereochemistry at C16 than natural demissidine (Scheme 3.13). We proposed that such a 
problem could be addressed by two possible strategies: the desired stereoisomer could be 
either obtained by epimerization (Scheme 3.13, 77a to 77s), or alternatively, through an 
oxidation/ reduction strategy in which the 2,5-dihydropyrrole is oxidized to the pyrrole 
and then a subsequent hydrogenation would lead to the formation of the four contiguous 





Previous studies conducted by Draghici
5
 revealed that inversion of the C16 vinylogous 
ester position via deprotonation failed. Thus we turned our focus to the oxidation/ 
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reduction strategy.  
 
3.2.1 Direct generation of pyrrole 
  The isolation of small amounts of pyrrole 100 (Scheme 3.9 and Scheme 3.10) from 
the cycloaddition led me to explore the possibility of generating the pyrrole as the major 
product during the cycloaddition reaction. My initial attempt started with the introduction 
of air to the reaction since we hypothesized that the pyrrole formed in the azomethine 
ylide cycloaddtion was the result of oxidation of the 2,5-dihydropyrrole during the 
reaction. Following our optimized reaction conditions, the amino acid ester 80 was mixed 
with the ynoate 66 at 0 
o
C for five minutes and was later reacted at room temperature for 
half an hour. These processes were still conducted under a nitrogen atmosphere because 
we believed that the introduction of moist air at this stage would hinder the initial 
condensation step and the effective generation of the azomethine ylide. The reaction 
mixture was then refluxed in toluene for 30 minutes with the condenser open to air.  
To our disappointment, the crude NMR showed the major product generated from this 
reaction was still the 2,5-dihydropyrrole 77. The isolated yield for our desired pyrrole 100 
did increase to about 25%, but the compound was contaminated with some inseparable 
impurities generated during the reaction. In addition, the yield of 2,5-dihydropyrrole 77 
dropped to 59%. A lower overall yield and difficult purification made this attempt less 
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3.2.2. Oxidation of 2,5-dihydropyrrole to pyrrole 
With the realization of the difficulty of generating pyrrole 100 directly, we started to 
work on the oxidation of dihydropyrrole 77. This compound does spontaneously oxidize 
to the corresponding pyrrole when exposed to air, but this process is very slow; it usually 
takes weeks. The initial positive result for a reagent-based oxidation was obtained by 
Draghici
5
 during his efforts to epimerize C16 on a model system with a Lewis acid 
(Scheme 3.15), but this was a low yielding reaction. Draghici
5
 also showed that the 
oxidation didn’t occur with DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) even in 
refluxing toluene (Scheme 3.16). 
So we started our search for a proper oxidant that could accelerate this process. My 
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initial exploration of this oxidation started with Rose Bengal 
(4,5,6,7-tetrachloro-2’,4’,5’,7’-tetraiodofluorescein) sensitized oxygen and later IBX 
(2-iodoxybenzoic acid), but these also proved to be unsuccessful (Scheme 3.16); only 




   
Scheme 3.16 
   
 
An alternative strategy we investigated was transition metal catalyzed dehydrogenation. 
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Our original reaction was conducted with 10% Pd/C in ethanol under an oxygen 
atmosphere; such conditions failed to show any sign of oxidation on the starting material. 
It appears that the choice of solvent is important to the dehydrogenation process.
17-19
 By 
switching the solvent from ethanol to decalin, the desired pyrrole 100 was isolated with 
39% yield after 3 hours. Interestingly, the same reaction conditions with the introduction 
of oxygen failed to further increase the yield. Conversely, the introduction of oxygen with 
Pd/C in refluxing toluene also failed to afford the desired oxidation; the crude NMR 
showed that the starting material had decomposed either because of the high reaction 





To find the optimal reaction conditions for this oxidation, we used the tricyclic 
compound 81 for model studies. In this work, I explored the effect of the catalyst, solvent, 






Entry Catalyst Solvent Atmosphere Temp (
o
C) Time (h) Yield (%) 
1 10%Pd/C decalin O2 25 12 62 
b
 
2 10%Pd/C toluene O2 80 3 N.A. 














 Platinum black was formed by suspending platinum oxide in decalin under an atmosphere of hydrogen 
gas for 2 h. The dark black solid was isolated by filtration, placed under vacuum overnight, and then 
exposed to air for 1 h before use.
b 
Yield calculated from crude NMR. 
c 
Isolated yield after purification by 
column chromatography. 
 
  The study revealed that the oxidation could occur with both a catalytical amount of 
palladium on carbon under an oxygen atmosphere (entry 3) or platinum black in air (entry 
5). Temperature is important to this transformation; a higher temperature is necessary to 
shorten the reaction time (entry 1 and entry 3). However, the difference seems to be no 
longer obvious once the temperature reaches 60 
o
C (entry 5). Most importantly, we 
discovered that this reaction is highly solvent dependant. Attempts with ethanol (Scheme 
3.17) and toluene (entry 2) failed to carry the desired transformation. However, under the 
same reaction conditions but with decalin as solvent, an 82% yield was obtained in a 
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fairly short time (entry 3).  
With a comprehensive consideration, we chose entry 5 (Table 3.2) as our optimized 
reaction conditions. The Pt black is practically easier to handle and the yield is slightly 
better. In addition, it seemed safer not to heat the reaction under an oxygen atmosphere. 
To our delight, these conditions worked very well on the steroid based 2,5-dihydropyrrole 
77. The reaction went to completion very fast with a quantitative yield (Scheme 3.18). A 
clean crude NMR spectrum proved no need for column chromatography purification. The 
crude reaction was simply filtered and carried to the hydrogenation step. 
 
Scheme 3.18 Oxidation of 2,5-dihydropyrrole into pyrrole with platinum black 
 
 
3.3 Reduction of pyrrole 
The reduction of the pyrrole 100 is one of the key reactions in our synthesis because 
this step would settle the unsolved problem of stereochemistry from the azomethine ylide 
cycloaddition and generate four contiguous stereocenters in the indolizidine core 
framework of demissidine. However, given the complex structure and the fact that the 
pyrrole is an aromatic system, this reduction requires harsh reaction conditions and the 
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stereo outcome is difficult to predict.  
The initial reduction carried out by Huang was conducted by dissolving pyrrole 100 in 
acetic acid (CH3COOH) at room temperature under 400 psi hydrogen atmosphere for 24 
hours. He discovered an incomplete transformation with the formation of two seemingly 
isomeric products 110s and 110r with a great favor of the formation of 110s (Scheme 
3.19). The relationship and absolute stereochemistry of both compounds were not 
determined at that point. 
 
Scheme 3.19 Two stereoisomers from hydrogenation of pyrrole 
 
 
Later exploration with 600 psi hydrogen atmosphere at 60°C for 24 hours afforded a 
more complete transformation. The 110s (20S) and 110r (20R) were generated in 
approximately equal amount and their absolute stereochemistry was determined by 2D 
NMR (COSY, HMBC, HMQC).  
Compared to the natural demissidine, both 110s and 110r had the correct 
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stereochemistry on carbon 16, 17 and 22. The crux for this reduction is the 
stereochemistry on C20. Naturally occurring demissidine has a 20S stereocenter, however, 
it appears that for the initial reactions, a significant amount of undesired isomeric product 
110r (α-oriented 20 ethyl ester, 20R) was formed. The desired isomer 110s (β-oriented 20 
ethyl ester, 20S) was generated as the minor product.  
The formation of undesired 110r (20R) could be explained by the mechanism of the 
hydrogenation in which all of the protons were delivered from the face opposite the C13 
angular methyl (Figure 3.2). For pyrrole 100, the C13 methyl group is so close to the 
double bonds that it blocked the top face of the molecule and hindered the reduction from 
occurring from the top face. On the contrary, the bottom face of the molecule is more 
favorable for the reduction. With less steric hindrance, the catalyst can approach more 
easily from the more accessible bottom face of the pyrrole. Based on model of 100, with 
the H2 all delivered from the same face, the kinetic product 110r is formed as the 
expected product in which the C20 ethyl ester group is pushed to the top face of the 
molecule to give the undesired isomer.  
 




Even though 110r (20R) is generated much faster than desired 110s (20S), this kinetic 
product is unstable due to the severe steric interaction between the C13 methyl and C20 
ethyl ester (Figure3.3, 110s), which could be observed from the 
1
H NMR (Figure 3.3). 
That interaction is relieved in the thermodynamic product 110s which makes 20S a more 
stable configuration (Figure 3.3, 110s). Located on two different sides of the molecule, 
the C13 methyl group and the C20 ethyl ester group in 110s are far apart from each other. 
Thus the steric interaction presents in 110r (20R) doesn’t exist in the 20S configuration.  
The thermodynamic product 110s (20S) cannot be generated from direct hydrogenation, 
it is formed through epimerization of the kinetic product 110r (20R) under the acidic 
reaction conditions (Scheme 3.20). The observation of a significant amount of 110r (20R) 
from the previous reactions indicated insufficient reaction time and an incomplete 
epimerization. Alternatively, adding base to 110r (20R) should also accelerate the 










Figure 3.3. 3D model of 110s (20S) and 110r (20R) 
110s                                   110r 
 
 
The easiest way to complete the epimerization would be by extending the reaction time. 
I was pleased to discover that by allowing the hydrogenation to occur for 48 hours in 
acetic acid, the desired 110s (20S) was formed as the major product. TLC of the crude 
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reaction showed a complete hydrogenation with only very small amounts of 110r (20R); 
the desired 110s (20S) was isolated in 97% yield after chromatography (Scheme 3.21). 
 






3.4 Concluding remarks 
  The core indolizidine framework present in demissidine was effectively prepared by 
a cycloaddition/oxidation/reduction three-step synthetic approach. The reaction 
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conditions of these key transformations were explored in detail and quantitative yields 
have been obtained. The stereochemical outcome of the azomethine ylide 1,3-diploar 
cycloaddition of the tethered aldehyde ynoate 66 and the silylated amino acid 80 was 
rationalized by frontier molecular orbital theory. It was also discovered that microwave 
heating could enhance the efficiency of the 1,3-dipolar cycloaddition compared to 
conventional heating methods. For the oxidation step, a highly efficient transition metal 
catalyzed dehydrogenation was investigated. In combination with the subsequent 
stereoselective hydrogenation, this study gave us confidence that we could achieve the 
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Chapter 4: Incorporation of the (25S)-25-methyl and the completion of demissidine 
Our studies on the Lewis acid catalyzed ring fragmentation and azomethine ylide 
1,3-dipolar cycloaddition have shown the synthetic efficiency of this strategy in the 
preparation of the essential carbon skeleton of demissidine. In addition, our subsequent 
efforts to establish a transition metal catalyzed dehydrogenation and a stereoselective 
reduction successfully set the correct stereochemistry of the core pyrrole fragment of the 
molecule. At this point, there are two remaining tasks that need to be accomplished in 
order to complete the synthesis of demissidine: (i) installing the α-orientated C25 methyl, 
(ii) reducing the C20 ethyl ester to methyl and removing the C3 silyl protecting group 
(Figure 4.1).  
 
Figure 4.1 Remaining challenges in the synthesis of demissidine  
 
 
  The missing C25 methyl would be impossible to selectively install on intermediate 
110s (Figure 4.1), but could be incorporated by using an appropriate α-amino acid as the 
dipolar cycloaddition precursor. For the synthesis of such a fragment, we devised two 
possible synthetic routes which are shown in Scheme 4.1. Route 1 is a less direct strategy: 
it incorporates a methylene on C25 (i.e. pyrrole 115) by using 5-methylenepipecolic acid 
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(114) as the amino acid cycloaddition precursor. A subsequent hydrogenation would set 
all five stereocenters on the indolizidine framework, although the reduction of the 
exocyclic alkene may not necessarily be stereoselective. Route 2 directly installs the C25 
(S) methyl by using (5S)-5-methylpipecolic acid (116) as the cycloaddition precursor. The 
synthesis of this optical pure amino acid was discovered later, thus our initial efforts were 





4.1 Alkene strategy 
During our early exploration to install the C25 methyl on demissidine, I proposed that 
this requisite functionality could be prepared from a simple hydrogenation of alkene 
(route 1). Accordingly, the key in this route is the synthesis of 5-methylenepipecolic acid 
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(114), which was later attempted by three different strategies. It has been shown that a 
rhodium(II) acetate catalyzed cyclization
1
 and an electrochemical strategy
2
 are the most 
workable. The 5-methylenepipecolic acid (114) was then subject to the 1,3-dipolar 
cycloaddition, which successfully introduced the methylene to the steroid. The 
subsequent hydrogenation afforded the desired product with an acceptable yield, although 
the stereoselectivity is less desirable than expected.  
 
4.1.1 Addition of CO2 to a carbanion 
A convenient way of generating α-amino acids and their derivatives is deprotonation α 
to a secondary amine and subsequent reaction with CO2. The preparation and application 
of α-lithioamine have been reported by Beak and Lee in their work of generating 
diastereoisomers from Boc derivatives of cyclic amines.
3-5
  In this reaction sequence, the 
lithium reagents were generated from α’-lithiation of piperidinyl and related carbamates, 
which was subsequently added to electrophiles to provide α’-elaborated carbamates 






More recently, Gawley and Beng
6
 reported the preparation of N-Boc-(R)-(+)-pipecolic 
acid (123) through a highly enantioselective catalytic dynamic resolution (CDR) of 
N-Boc-2-lithiopiperidine (120) (Scheme 4.3). In this study, N-Boc-piperidine (119) was 
deprotonated by s-BuLi/TMEDA in Et2O to generate N-Boc-2-lithiopiperidine (120), 
which was treated with diastereomeric lignad 122 and CO2 as the electrophile. 
N-Boc-(R)-(+)-pipecolic acid (123) was obtained in 78% yield and 98:2 er.  
 
Scheme 4.3 DCR of N-Boc-2-lithiopiperidine
 
 
  This illuminating work inspired us to explore the possibility of generating 
5-methylenepipecolic acid (114) through a CO2 addition strategy starting with 
commercially available 1-Boc-3-piperidone (124) (Scheme 4.3).  In this synthetic route, 
the requisite methylene group was introduced by Wittig olefination with 
methyltriphenylphosphonium bromide. The N-Boc-3-methylenepiperidine (125) was then 
deprotonated by s-BuLi/TMEDA in Et2O followed exactly by the reported procedure. 
The relative pKa of the protons on C2 and C5 (of 125) are difficult to predict. So it may 
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be possible to generate either N-Boc-5-methylenepipecolic acid (126) or 
N-Boc-3-methylenepipecolic acid (127) upon treatment of the anionic reaction mixture 
with carbon dioxide. Nonetheless, this strategy was worth trying because this synthetic 





  To our surprise, however, neither 126 nor 127 were isolated after acid workup. NMR 
analysis revealed that the majority of the crude reaction mixture was still the 
N-Boc-piperidine derivative 125, which indicated an incomplete deprotonation or an 
invalid CO2 alkylation process. A variety of improvements were tried in order to address 
this problem. For example, 125 was dried by MgSO4 again before it was subject to the 
reaction (125 is volatile and cannot be left on the vacuum pump for too long); s-BuLi and 
TMEDA were repurified before their addition; carbon dioxide was recondensed to 
remove any source of water before it was bubbled into the reaction mixture. 
Unfortunately, none of these attempts proved to work. Astonishingly, even a stronger 
base seemed to be unable to deprotonate N-Boc-3-methylenepiperidine (125) efficiently. 
The later experiment employing tert-butyllithium proved to be unsuccessful as well in 






Interestingly, by replacing the methylene functionality with a methyl group, the 
deprotonation and the subsequent CO2 insertion worked very well on 128 (Scheme 4.6). 
In our comparative experiment with 3-methylpiperidine (128), the same experimental 
procedure with s-BuLi and non-recondensed CO2 successfully afforded 5-methyl 





At this time, it is not well understood why the carbon dioxide alkylation strategy does 
not work on N-Boc-3-methylenepiperidine (125). But it is clear that the requisite 
methylene group somehow hinders the efficient deprotonation and the subsequent CO2 
insertion, resulting in unproductive transformations. At this stage, we decided to try 
alternative synthetic routes to get 5-methylenepipecolic acid (114). Our next N-H 
insertion strategy which involves a rhodium(II) acetate catalyzed cyclization as the key 
step proved to be more workable. 
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4.1.2 A rhodium(II) acetate catalyzed N-H insertion strategy 
Rhodium(II) acetate catalyzed cyclization of diazoketones was first reported by Ko
1
 
and coworkers in the synthesis of 5-oxo-L-pipecolic acid derivatives (Scheme 4.7). In 
this reaction sequence, the diazoketone 132 was treated with a catalytic amount of 
rhodium(II) acetate (1% weight) in CH2Cl2 (0.1 M solution) for 3 hours at room 
temperature to afford the cyclized product 133 in 58% yield through N-H insertion. The 
competitive C-H insertion product was not observed in this study. One drawback to this 







This rhodium(II) catalyzed cyclization chemistry was used by Giampa to prepare 142 
for related studies, and I applied it here for the synthesis of 143. It should be noted that a 
related synthetic route to a similar substrate reported by Letavic and coworkers
7
 also set a 
good precedence for to this route.  
                                                             
b
 The price for 1 gram of Rhodium(II) acetate dimer is $993.00. Price obtained from 





This synthetic route started with (S)-(-)-2-pyrrolidone-5-carboxylic acid (135). 
Esterification of 135 with ethanol in the presence of a catalytic amount of concentrated 
sulfuric acid (H2SO4) afforded the corresponding ester 136 in quantitative yield. A 
subsequent Boc protection generated compound 137 in 94% yield. The intermediate 
diazoketone 138 was obtained by treating a THF solution of 137 with the anion of 
TMS-diazomethane (premade by mixing TMS-diazomethane with n-BuLi) at -100 
o
C. 
For this ring opening step, the reaction temperature is critical; it must be kept at -100 
o
C 
as any temperature fluctuation could affect the yield. The subsequent treatment of 138 
with a catalytic amount of rhodium(II) acetate in refluxing benzene afforded the 
5-oxopipecolic acid derivative 141 in 80% yield.
7
 Wittig olefination with 
methyltriphenylphosphonium bromide provided the requisite methylene group in 50% 
yield. The ethyl ester group was then hydrolyzed by LiOH and the Boc group was 
















Scheme 4.8 The synthesis of 5-methylenepipecolic acid through a rhodium(II) acetate 
catalyzed N-H insertion strategy 
 
 
Although this synthetic route successfully provided the targeted 5-methylenepipecolic 
acid derivative, there are a few drawbacks that need to be pointed out. First, a highly 
toxic chemical, trimethylsilyldiazomethane, was used for the generation of diazoketone 
138. Similar to diazomethane, TMS-diazomethane is suspected to cause pulmonary 
edema by inhalation.
8
 At least two chemists’ deaths are reported to be related to the 
inhalation of this chemical.
9, 10
 Thus, this step is fairly risky and extra care is needed. 
Second, the ring opening step (137 to 138) requires impractical reaction conditions; the 
reaction temperature must be kept below -100 
o
C for three hours. A higher temperature at 
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anytime during the reaction results in lower yield. During the summer in Vermont, the 
humid and high room temperature made it difficult to maintain the required temperature 
and only 37% of the desired product was obtained. Lastly, the yield of the Wittig reaction 
of 141 is unsatisfactory. Multiple attempts of this olefination proved that 50% is the best 
yield we could get with the specific cyclic ketone 141. It is not clear why the same 
procedure that was successful on compound 124 (91% yield, Scheme 4.4) gave much 
lower and more inconsistent yields on compound 141 (28% to 50% yield, Scheme 4.8). 
 
4.1.3 An electrochemical strategy 
Given the questionable safety, efficiency and economical cost of the N-H insertion 
strategy, we later implemented an electrochemical synthesis to prepare the 
5-methylenepipecolic acid precursor.
2,11,12
 This strategy features an anodic oxidation and 
a hydroboration as the key steps, which proved to be more efficient and safer than the 
rhodium catalyzed cyclization.  
In 1982, Shono
2
 and coworkers reported the preparation of 4-hydroxy-L-proline 
derivatives 147a and 147b by hydroboration of enecarbamate 146 (Scheme 4.9). In this 
synthesis, the anodic methoxylation of N-carbomethyoxy-L-proline methyl ester (144) 
led to the formation of L-proline ester derivative 145 in 87% yield, which was heated in 
the presence of ammonium chloride (NH4Cl) to give enecarbamate 146. The introduction 
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of the β hydroxyl group to the enecarbamate was achieved by reacting 146 with diborane 
and hydrogen peroxide, which afforded a mixture of 147a and 147b in a 1:4 ratio. 
 
Scheme 4.9 Hydroboration of enecarbamate 
 
 
Taking advantage of the key anodic oxidation and hydroboration in Shono’s work, our 
synthesis to 5-methylenepipecolic acid started with pipecolic acid (148). A similar anodic 
methoxylation of the N-Boc-piperidine methyl ester (150), generated from esterification 
and subsequent N-protection, successfully installed the α methoxy group. Subsequent 
treatment of 151 with ammonium chloride in refluxing toluene afforded the key 







                                                             
c
 The enecarbamate was synthesized and generously provided by Prof. Matthias Brewer. 
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Scheme 4.7 The electrochemical strategy to 5-methylenepipecolic acid derivative  
 
 
The key hydroboration step proved to be problematic in our initial attempts. Following 
literature procedures,
11
 a DCM solution of enecarbamate 152 was cooled to -78 
o
C and 
BH3·SMe2 was added at that temperature. The temperature was raised gradually to room 
temperature at which the reaction was run overnight. The crude reaction mixture was then 
treated with trimethylamine N-oxide in refluxing THF to afford alcohol 153. This 
procedure yielded only 30% of the desired product. Later investigation on the reaction 
conditions revealed that the reaction temperature is crucial to this hydroboration. Instead 
of mixing enecarbamate 152 and BH3·SMe3 at -78 
o
C, starting the reaction directly at 
room temperature significantly increased the yield of this hydroboration to 76%. 
Subsequent Dess-Martin oxidation successfully oxidized alcohol 153 to the 
corresponding ketone 154 in 95% yield, which can be transformed to 
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5-methylenepipecolic acid TFA salt by Wittig olefination, lithium hydroxide hydrolysis, 
and TFA mediated Boc deprotection (Scheme 4.10). 
 
4.1.4 Incorporation of the C25 methyl on demissidine from 5-methylenepipecolic 
acid 
  The 5-methylenepipecolic acid TFA salt (143) was subjected to the silylation step with 
diethylamino trimethylsilane (2 equiv.) under the same reaction conditions used to 
prepare compound 77 (Chapter 3, Scheme 3.2) to afford silyl ester 155 after vacuum 
distillation (Scheme 4.11). The azomethine ylide 1,3-dipolar cycloaddition of tethered 
aldehyde ynoate 66 and silyl ester 155 was carried out using our optimized reaction 
conditions (Chapter 3, 3.1) with microwave heating. A quantitative yield of this 
transformation with the formation of 156 and 115 in a ratio of 3:1 illustrated again the 
efficiency and generality of this cycloaddition in building 2,5-dihydropyrroles and 
pyrroles. 
The 2,5-dihydropyrrole 156 was later oxidized to its corresponding pyrrole 115 in 85% 
yield through the transition metal catalyzed dehydrogenation. For this oxidation, it is 
possible that the C25 methylene may migrate into the F ring to become conjugated with 
the aromaticity of the pyrrole. To prevent that undesired side reaction, milder oxidants 
and reaction conditions were investigated, such as silica gel and platinum oxide. However, 
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these attempts proved to be unsuccessful. Fortunately, this concern was unfounded and 
oxidation under the standard conditions smoothly provided pyrroles 115 in 85% yield 
(Scheme 4.12).  
 








The subsequent hydrogenation should occur with the exocyclic alkene being reduced 
much faster than the pyrrole ring, which is helpful to the stereoselectivity of this reaction. 
Modeling of pyrrole 115 indicated that the C25 methylene would preferentially lean 
toward the bottom face of the molecule. Theoretically, this small angle should make the 
top face more accessible for the hydrogenation and the reduction somewhat 
stereoselective, favoring the formation of the desired S configuration on C25 (Figure 4.2).  
 
Figure 4.2. 3D Model of pyrrole 115 
 
 
On the other hand, with the formation of five new chiral centers (C16, C17, C20, C22 
and C25), the result of this hydrogenation could be really complicated (Scheme 4.13) 
which could increase the difficulty of the purification step. 
The hydrogenation was conducted by employing the optimal reaction conditions (in 
CH3COOH with PtO2 under 600 psi hydrogen atmosphere for two days) discovered from 
the model system study (Chapter 3, 3.3). The crude reaction showed the formation of at 
least four different products with similar Rf values based on TLC. Due to the small scale 
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of the reaction, column chromatography (DCM/MeOH/TEA=100:1:0.5) led to the 
isolation of only one major product.
  1
H NMR revealed that the isolated product did not 
contain the TBDPS protecting group (Scheme 4.14. LCMS confirmed the cleavage of the 
protecting group. Spectrum of 157s was obtained from later reactions). Similar 
unexpected deprotonation was also observed several times in our model system study 
(Chapter 3, 3.3). Presumably, the acidic environment at an elevated temperature, together 
with the long reaction time make the protecting group labile during this hydrogenation, 
and a more stable protecting group may be required. This observation also bolstered our 
choice of TBDPS over TBS (Chapter 2, 2.4.2) in the synthesis of the ring fragmentation 
precursor. As one of the most stable protecting groups, TBDPS typically remained intact 
in most of the cases, and we were surprised and dismayed that it fell off in this case.  
 











The cleavage of the protecting group in our initial hydrogenation of 2,5-dihydropyrrole 
115 made data analysis somewhat difficult. Nonetheless, 2D NMR studies (COSY and 
NOE) of 118 supported the desired S configuration on C25. In later experiments the 
TBDPS was successfully retained on the product of hydrogenation (157s) and this 
material provided similar 
1







of 157s have since been compared to data obtained from another synthetic route in which 
the C25 stereocenter was built from (5S)-5-methylpipecolic acid, and identical spectral 
results confirmed the successful installation of the (S)-25-methyl in this alkene reduction 
strategy. The relatively low isolated yield of the desired product, however, proved the 
hydrogenation step to be not stereoselective and reduced the overall synthetic value of 
this strategy, which impelled us to explore alternative approaches to finish the synthesis 
in a more efficient manner. Also, we could not really be sure that the stereochemistry was 
set correctly without making it by an alternative route; or completing the synthesis to the 
end and then comparing it with a natural sample, which seemed risky.  
 
4.2 The synthesis of (5S)-5-methylpipecolic acid and the direct installation of the 
C25 methyl 
The synthesis and subsequent use of 5-methylenepipecolic acid (114) in the 
cycloaddition provided a workable solution to the missing methyl on C25. However, a 
more efficient incorporation of this chiral center could be achieved by using an optically 




4.2.1 The synthesis of (5S)-5-methylpipecolic acid 
An enantioselective synthesis of (5S)-5-methylpipecolic acid did not seem 
straightforward to us until a cocrystallization resolution reported by Wong et al
13
 was 
uncovered by Geoff Giampa, who spearheaded the synthesis of 121 (Scheme 4.15). The 
key step in this route was the recrystallization of 3-methylpiperidine (128) with 
(S)-mandelic acid, which afforded the optical pure (S)-3methylpiperidine(S)-mandelate 
in 98% ee. The enantiomeric excess was determined by HPLC analysis of the 
corresponding Boc-3-methylpiperidine derivative on a Chiralpak IC column using a 99:1 
n-hex/IPA eluent system. The N-Boc-(5S)-methylpipecolic acid 120
d
 was obtained as a 
single diastereomer after Boc protection of the amine and subsequent 
α-lithiation/trapping with CO2.
3-5
 TFA mediated Boc removal afforded the 






                                                             
d
 Relative configuration assigned by comparison of the salt of the free amino acid to literature values. See: 
Oinuma, H.; Suda, S.; Yoneda, N.; Kotake, M.; Mizuno, M.; Matsushima, T.; Fukada, Y.; Saito, M.; 
Matsuoka, T.; Et, A. Preparation of substituted thiazolo[3,2-α]azepine derivatives. WO 9602549, February 







4.2.2 The direct installation of the C25 methyl on demissidine 
Our initial attempts to silylate TFA salt 122 proved to be problematic. If the 
(5S)-5-methylpipecolic acid TFA salt was mixed with diethylamino trimethylsilane in a 
ratio of 1:1, the reaction turned into a sticky brown paste upon heating, and no desired 
product (clean liquid) could be distilled out from the crude reaction. This problem could 
be solved by increasing the amount of diethylamino trimethylsilane to 3 or 4 equivalents. 
However, 
1
H NMR analysis showed the isolated product from such conditions was a 
mixture of mono- and bissilylated amino acids, with different ratio depending on 
individual cases (Scheme 4.16). Previous studies (Chapter 3, 3.1.1.2) showed that 
mono-silylation of the amino acid is important to our key azomethine ylide 1,3-dipolar 
cycloaddition; reactions with pure monosilyl α-amino acid yielded better and more stable 
results than reactions with a mixture of mono- and bis-silyl α-amino acid. These findings 
were verified again in this study for this substrate. When a mixture of mono- and 
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bissilylated amino acids was used in the cycloaddition, the yield of this key 
transformation dropped significantly to 61%, with only the formation of 





In order to generate the mono silylated product, the stoichiometry of the reaction must 
be precisely controlled, which requires the preparation of free (5S)-5-methylpipecolic 
acid from its TFA salt. This process was achieved by passing an aqueous solution of the 
TFA salt through poly(vinylpyridine) (Scheme 4.17).
14
 Water in the column effluent was 
removed in vacuo and the free amino acid was suspended in toluene and concentrated 
several times to remove most of the water affording a white powdery solid as the final 
product. The free amino acid 125 didn’t dissolve in deuterated acetonitrile or chloroform; 
it was only soluble in deuterated methanol.  
To our surprise, however, the silylation of the free amino acid seemed to be extremely 
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difficult. Mixed in a 1:1 ratio, the free (5S)-5-methylpipecolic acid and diethylamino 
trimethylsilane formed a heterogeneous reaction mixture; increasing the amount of 
diethylamino trimethylsilane to 4 equivalents still did not solubilize the amino acid, 
which stayed as white solid and floated on top of the liquid. Vacuum distillation of the 
crude reaction showed extremely low productivity for this transformation, and only trace 
amounts of the desired product were obtained.  
A careful 
1
H NMR comparison of the (5S)-5-methylpipecolic acid in deuterated 
methanol with the blank solvent revealed the presence of a certain amount of water in the 
free amino acid, which explained the failure of the silylation step. This finding is also 
somewhat surprising because the free amino acid had been dried azeotropically by 
concentration from toluene multiple times before it was subject to the silylation step. 
Presumably, water molecules were trapped inside the solid amino acid via H-bonding, 
leaving them difficult to co-evaporate with the toluene.  
A number of attempts were tried to remove the water. The hydrated amino acid was 
initially placed in a heating pistol over P2O5 in vacuo overnight; 
1
H NMR integration 
showed an incomplete removal of the water. A lyophilization strategy also proved to be 
unsuccessful (Scheme 4.17). A thermo-induced deprotection of the 
Boc-(5S)-5-methylpipecolic acid was investigated in order to avoid the formation of the 
TFA salt; however, it was difficult to get reproducible results (Scheme 4.18). A more 
efficient way to dry the amino acid was discovered to be trituration with anhydrous 
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acetonitrile (Scheme 4.17). Later attempts to use acetonitrile in place of water as the 
eluent for the solid phase base column proved to be unsuccessful; the TFA salt of 
(5S)-5-methylpipecolic acid hardly dissolved in acetonitrile, even at an elevated 







  The silylation of the anhydrous (5S)-5-methylpipecolic acid with one equivalent of 
N,N-diethyltrimethylsilylamine proved to be successful. The reaction yielded a 
reasonable amount of amino acid silyl ester (123) as the single product, which was 
subjected to the azomethine ylide 1,3-dipolar cycloaddition and afforded an easily 
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separable mixture of dihydropyrrole 117 and pyrrole 126 in a combined 80% yield in a 
ratio that varied from 2:1 to 1:1. Subsequent platinum black catalyzed dehydrogenation 
of dihydropyrrole 117 and reduction of pyrrole 126 successfully yielded the saturated 
compound 116s with the correct stereochemistry set on the core indolizidine framework. 






4.3 The completion of demissidine 
With the successful synthesis of 116s, all that remains to complete the synthesis of 
demissidine is the reduction of the ethyl ester on C20 and the cleavage of the C3 silyl 
protecting group.  
The ethyl ester of 116s was reduced by lithium aluminum hydride to the corresponding 
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primary alcohol 127 in 98% yield, and this material was in turn converted to mesylate 
128 in 81% yield. Reductive cleavage of the mesylate by lithium triethylborohydride 
proceeded in 95% yield to give the requisite C20 methyl on the steroid. Removal of the 
silyl protecting group was achieved in 90% yield by treatment with TBAF to afford 










C data supported the successful synthesis of demissidine 




















C of natural and synthetic demissidine 
 
 
4.4 Concluding remarks 
The C25 chiral center on demissidine was successfully installed by the cycloaddition 
of tethered aldehyde ynoate 66 with either 5-methylenepipecolic acid (114) or 
(5S)-5-methylpipecolic acid (116). Compared to the alkene strategy (using 
5-methylenepipecolic acid), incorporating of the C25 methyl on demissidine by using 
(5S)-5-methylpipecolic acid (116) proved to be more straightforward. For the 
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preparations of the two amino acids, a variety of synthetic routes were explored and those 
strategies were illustrated in detail. The late stage reduction of the ethyl ester group and 




C spectral data of the synthetic compound and the natural product confirmed the 
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Chapter 5: Experimental procedures 
5.1 Methods and materials 
All reactions were carried out under an atmosphere of nitrogen using flame-dried 
glassware unless otherwise noted. A rotary evaporator equipped with a water condenser 
and attached to a vacuum system was used to concentrate in vacuo. Samples were further 
dried under reduced pressure on a high-vacuum line. Tetrahydrofuran (THF), 
dichloromethane (CH2Cl2), and diethyl ether (Et2O) were dried via a solvent dispensing 
system. Commercially available SnCl4 was distilled twice from P2O5 under a nitrogen 
atmosphere and was stored in a sealed tube as a 1M solution in dichloromethane (CH2Cl2) 
or commercially available 1M solutions of SnCl4 in dichloromethane were used as 
received. Triethylamine (Et3N) and diisopropylamine (i-Pr2NH) were distilled from CaH2 
under a nitrogen atmosphere and stored in septum-sealed bottles over solid KOH. All 
other commercial reagents were used as received. Reactions were cooled to –40 °C or 
–78 °C via dry ice–acetone baths, to –15 °C via ice–salt baths and to 0 °C via ice–water 
baths. Silica gel flash column chromatography was performed using Merck grade 60 
silica gel (230–400 mesh) and TLC analysis was carried out using Merck 60F–254 silica 
on glass plates. Visualization of TLC plates was achieved using ultraviolet light, 
polyphosphomolybdic acid and cerium sulfate in EtOH with H2SO4, ceric ammonium 
molybdate, or iodine vapor. Microwave experiments were conducted in a CEM 
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Discovery Series microwave reactor in sealed reaction vessels with instrument-based 




C NMR spectra were recorded on a Bruker ARX 500 (125 MHz) or a Varian 
Unity Inova 500 (125 MHz) spectrometer in CDCl3 at 25 °C unless otherwise noted. 
1
H 
chemical shifts are reported in ppm ( units) downfield from tetramethylsilane. Solvent 
peaks were used as internal references for all 
13
C NMR (chloroform δ 77.16 or methanol δ 
49.15). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, 
t = triplet, q = quartet, p = pentet, br = broad, m = multiplet,), coupling constants (Hz), 
and number of protons. IR spectra were recorded on a Thermo Nicolet FT200 FT-IR 
spectrometer with an attenuated total reflectance (ATR) head. High-resolution mass 
spectra (HRMS) in CI mode were obtained on a Waters GC-TOF mass spectrometer 
(GCTPremier) employing a direct insertion probe and methane as the reagent gas. 
Heptacosa was used as the internal reference. Data analysis was performed in automated 
fashion using Waters software. For ESI mode, HRMS were obtained on a Waters 
LC-TOF mass spectrometer (LCT-XE Premier) using electrospray ionization in positive 
mode. 




5.2 Experimental procedures and compound characterization data 
(3S,16R)-3-(tert-butyldiphenylsilyloxy)-16-hydroxyisoandrosterone (63): 
tert-Butyl(chloro)diphenylsilane (4.79 g, 18.50 mmol) was 
added dropwise to a stirred room temperature mixture of 
imidazole (1.68 g, 24.67 mmol), 4-(dimethylamino)pyridine 
(0.320 g, 2.62 mmol) and 16-bromoisoandrosterone
1
 (4.56 g, 12.33 mmol) in CH2Cl2 
(145 mL). After 2 h saturated aqueous NH4Cl solution (20 mL) and water (20 mL) were 
added. The layers were separated, the aqueous was extracted with CH2Cl2, the organics 
were combined, washed with brine and dried over MgSO4 and the solvents were removed 
in vacuo. The thick oily residue was dissolved in a mixture of CH2Cl2 (65 mL), DMF (95 
mL) and water (30 mL) and 1M sodium hydroxide solution (16.05 mL, 16.05 mmol) was 
added at room temperature. The mixture was efficiently stirred under nitrogen at room 
temperature for 30 min, at which point aqueous 5% HCl was added. The aqueous layer 
was extracted three times with CH2Cl2 and the combined organics were washed with 
brine, dried over MgSO4 and concentrated. The residue was purified by silica gel flash 
column chromatography (CH2Cl2/MeOH: 100/1) to afford the title product as a white 
foam (5.95 g, 84% yield): Rf = 0.32 (CH2Cl2/MeOH:10/1); 
1
H NMR (500 MHz, CDCl3) 
δ 7.60-7.72 (m, 4H), 7.33-7.44 (m, 6H), 4.33 (d, J = 8.25 Hz, 1H), 3.58 (m, 1H), 2.34 (s, 
1H), 1.78-1.99 (m, 2H), 1.35-1.78 (m, 12H), 1.14-1.33 (m, 4H), 1.04 (s, 9H), 0.92 (S, 
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4H), 0.81 (S, 3H), 0.53-0.63 (m, 1H);
13
C NMR (126 MHz, CDCl3) δ 219.7, 135.8, 134.9, 
134.8, 129.5, 127.53, 127.51, 72.7, 71.4, 54.3, 48.3, 47.7, 44.7, 35.6, 35.0, 31.7, 31.4, 









tert-Butyl(chloro)dimethylsilane (2.22 g, 14.70 mmol) in 
CH2Cl2 (10 mL) was added dropwise to a stirred room 
temperature mixture of imidazole (1.33 g, 19.60 mmol), 
4-(dimethylamino)pyridine (0.240 g, 1.96 mmol) and alcohol 63 (5.34 g, 9.80 mmol) in 
CH2Cl2 (130 mL). After 12 h, saturated aqueous NH4Cl solution (30 mL)was added, the 
layers were separated, the aqueous was extracted three times with CH2Cl2 (30 mL), the 
organics were combined, washed with brine, dried over MgSO4 and the solvents were 
removed in vacuo to provide a white foam that was purified by silica gel flash column 
chromatography (Hexane/EtOAC: 30/1) to provide 5.94 g (92% yield) of the title 
compound as a white foam; (Rf=0.25, Hexane/EtOAc:30/1); 
1
H NMR (500 MHz, CDCl3) 
δ 7.64-7.71 (m, 4H), 7.33-7.43 (m, 6H), 4.28 (d, J = 7.7 Hz, 1H), 3.58 (m, 1H), 1.80-1.90 
(m, 1H), 1.59-1.78 (m, 4H), 1.35-1.59 (m, 8H), 1.31-1.14 (m, 4H), 1.04 (s, 9H), 0.87 (s, 





C NMR (126 MHz, CDCl3) δ 218.0, 135.9, 135.0, 134.9, 129.5, 127.6, 72.8, 72.4, 
54.4, 48.4, 47.4, 44.8, 38.4, 37.0, 35.7, 35.0, 32.8, 31.8, 31.7, 30.7, 28.5, 27.1, 26.0, 20.2, 
19.3, 18.6, 14.7, 12.4, –4.4, –5.1;IR (film): 2929, 2856, 1753, 1255, 1104 cm–1; HRMS 
calculated for C41H63O3Si2
+




LDA (8.92 mL, 17.84 mmol, 2M solution in THF) was 
added dropwise to a stirred –78 °C solution of ethyl 
diazoacetate (1.89 mL, 17.84 mmol) and ketone 68 (5.89 
g, 8.92 mmol) in THF (110 mL).  After 2h saturated NH4Cl solution (20 mL) was added 
and the mixture was extracted with Et2O (4 x 30 mL). The organics were combined, 
washed with brine, dried (MgSO4) and the solvents were removed in vacuo. The residue 
was subjected to silica gel flash column chromatography (Hexane/Et2O: 98/2) to provide 
4.55 g (66% yield) of the title compound as a yellow foam: Rf = 0.3 (Hexane/Et2O=20/1) 
and 2.17 g (31% yield) of 67a; 
1
H NMR (500 MHz, CDCl3) δ 7.62-7.71 (m, 4H), 
7.31-7.44 (m, 6H), 5.30 (dd, J = 8.9 Hz, 1.9Hz, 1H), 4.06-4.25 (m, 2H), 3.97 (s, 1H), 
3.58 (m, 1H), 1.80-1.89 (m, 1H), 1.58-1.68 (m, 4H), 1.46-1.58 (m, 5H), 1.32-1.44 (m, 
5H), 1.24 (t, J = 7.1 Hz, 4H), 1.12-1.22 (m, 3H), 1.04 (s, 9H), 0.87 (s, 9H), 0.78 (s, 3H), 
0.71 (s, 3H), 0.53-0.62 (m, 1H), 0.05 (d, J = 20.7 Hz, 6H); 
13
C NMR (126 MHz, CDCl3) 
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δ 166.1, 135.9, 135.03, 135.0, 129.5, 127.55, 127.54, 79.3, 72.9, 71.7, 60.9, 60.2, 54.1, 
50.5, 47.7, 44.9, 38.5,37.0, 35.64, 35.63, 34.5,32.1, 31.8, 30.5, 28.7, 27.2, 25.9, 20.1, 19.3, 
18.1, 15.5, 14.7, 12.5, -4.4, -4.8. IR (film): 3461, 2930, 2857, 2094, 1687, 1091, 1059 
cm
–1
; HRMS calculated for C45H68N2O5Si2Na
+




Rf = 0.28 (Hexane/Et2O=20/1); 
1
H NMR (500 MHz, 
CDCl3) δ 7.63-7.72 (m, 4H), 7.31-7.44 (m, 6H), 5.02 (s, 
1H), 4.46 (dd, J = 10.5, 4.0 Hz, 1H), 4.42 (dd, J = 14.2, 
7.1 Hz, 2H), 3.47-3.63 (m, 1H), 1.79 (dt, J = 13.4, 11.3 Hz, 1H), 1.52-1.63 (m, 5H), 
1.45-1.50 (m, 2H), 1.37-1.43 (m, 2H), 1.31-1.34 (m, 1H), 1.27 (t, J = 7.1 Hz, 4H), 
1.17-1.22 (m, 2H), 1.09-1.17 (m, 4H),1.04 (s, 9H), 0.81-0.93 (m, 12H), 0.78 (s, 3H), 
0.67-0.73 (m ,1H), 0.49-0.59 (m, 1H), 0.06 (d, J = 9.4 Hz, 6H); 
13
C NMR (126 MHz, 
CDCl3) δ 170.0, 135.9, 135.0, 135.0, 129.5, 127.6, 127.6, 87.4, 79.7, 72.9, 61.0, 54.1, 
50.6, 48.9, 45.0, 38.4, 37.0, 36.0, 35.6, 34.0, 33.6, 32.0, 31.8, 28.6, 27.2, 25.9, 20.5, 19.3, 
18.2, 15.2, 14.6, 12.5, -4.8, -5.1; IR (film): 3441, 2930, 2855, 1096, 1664, 1302, 1104 
cm
–1
; HRMS calculated for C45H68N2O5Si2Na
+





Tethered aldehyde ynoate (66): 
A 1M solution of SnCl4in CH2Cl2 (0.200 mL, 0.200 
mmol) was added as steady stream to a 0
o
C solution of 
diazo 67s (0.154 g, 0.200 mmol) in CH2Cl2 (6 mL). An 
immediate color change was noted and gas evolution was observed. After 15min, 
saturated NH4Cl solution (20 mL) was added to the reaction and the layers were 
separated. The aqueous layer was extracted three times with CH2Cl2 (10 mL), the 
organics were combined, washed with brine, dried over MgSO4 and concentrated. The 
solvents were removed in vacuo and the residue was subjected to silica gel flash column 
chromatography (Hexane/EtOAc: 10/1) to afford 0.092 g (75% yield) of the title 
compound as a white foam: Rf = 0.5 (Hexane/EtOAc=4/1); 
1
H NMR (500 MHz, CDCl3) 
δ 9.76 (dd, J=3.0, 1.5 Hz, 1H), 7.66-7.70 (m, 4H), 7.41-7.45 (m, 2H), 7.35-7.40 (m, 4H), 
4.20 (q, J = 7.0 Hz, 2H), 3.53-3.65 (m, 1H), 2.60-2.69 (dd, J=17.4, 2.4 Hz, 1H), 2.38 
(ddd, J = 17.3, 8.0, 3.2 Hz, 1H), 1.99-2.06 (m, 1H), 1.88 (dt, J = 13.4, 3.3 Hz, 1H), 1.73 
(td, J = 13.6 3.9 Hz, 1H), 0.58-1.65 (m, 15H), 1.29 (t, J = 7.0 Hz, 3H), 1.15 (s, 3H), 1.06 
(s, 9H), 0.76 (s, 3H); 
13
C NMR (126 MHz, CDCl3) δ 201.9, 154.0, 135.9, 135.0, 134.9, 
129.60, 129.59, 127.61, 127.59, 95.5, 73.7, 72.7, 62.0, 53.0, 46.6, 44.6, 44.1, 38.6, 38.2, 
36.93, 36.86, 36.0, 35.6, 32.1, 31.6, 28.5, 27.1, 19.8, 19.3, 18.8, 14.2, 12.4; IR (film): 
2931, 2858, 2229, 1708, 1246, 1107, 821, 740, 702 cm
-1
; HRMS calculated for 
C39H53O4Si
+




Pipecolic acid (1.2 g, 9.32 mmol) was mixed with 
diethylaminotrimethylsilane (1.77 mL, 9.32 mmol) at room temperature. 
The mixture, fitted with a reflux condenser, was warmed to 95 
o
C under nitrogen 
overnight. The reaction mixture was cooled to room temperature, the condenser was 
replaced with a distillation head, and the mixture was distilled under vacuum to provide 
the title compound (bp: 72 
o
C at 2.2 mmHg) as a highly moisture-sensitive colorless 
liquid: 
1
H NMR (500 MHz, CDCl3) δ3.29 (dd, J = 9.7, 3.2Hz 1H), 3.03-3.13 (m, 1H), 
2.59-2.70 (m, 1H), 1.85-2.02 (m, 2H), 1.78 (dt, J = 9.5, 3.0Hz, 1H), 1.37-1.60 (m, 4H), 
0.29 (s, 9H); 
13
C NMR (126 MHz, CDCl3) δ174.0, 59.4, 45.8, 29.2, 25.9, 24.3, -0.3. 
 
Pyrrole (112): 
PtO2 (30 mg) was suspended in decalin (2 mL), the reaction vessel was 
evacuated and purged with nitrogen three times and then placed under 
an atmosphere of hydrogen until the platinum turned black. The solvent was removed in 
vacuo and the platinum black was placed under high vacuum for 12 h. The catalyst was 
then exposed to air for 1h at which point it was added to a solution of 2,5-dihydropyrrole 
81 (17.8 mg, 0.071 mmol) in decalin (1.5 mL) at room temperature and the mixture was 
heated open to air at 80 
o
C for 2 h. The solvents were removed in vacuo and the residue 
was subjected to silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 100/1/0.5) 
to provide 15.4 mg (87% yield) of the title compound as a white foam. Rf = 0.83 
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(CH2Cl2/MeOH = 20: 1);
 1
H NMR (500 MHz, CDCl3) δ 4.23 (q, J = 7.1Hz, 2H), 3.71, (t, 
J = 6.1Hz, 2H), 3.06 (t, J = 6.5Hz, 2H), 2.72 (ddd, J = 7.6, 4.0, 1.7Hz, 2H), 2.45 (ddd, J = 
6.2, 4.7, 1.8Hz, 2H), 1.89-1.98 (m, 2H), 1.76-1.85 (m, 4H), 1.68-1.76 (m, 2H), 1.31 (t, J 
= 7.1Hz, 3H); 
13
C NMR (126 MHz, CDCl3) δ 166.3, 135.8, 127.1, 118.6, 107.9, 58.8, 
42.5, 24.2, 23.7, 23.4, 23.1, 21.4, 20.5, 14.8, 0.1; IR (film): 2931, 2850, 2102, 1685, 1519, 
1327, 1257, 1238, 1172, 1118, 1041 cm
-1






Silyl ester 80 (22 μL, 0.107 mmol) was added to a 0 
o
C solution of tethered aldehyde ynoate 66 (65.7 mg, 
0.107 mmol) in toluene (2 mL) under nitrogen in a 
sealed microwave reaction tube. The reaction was stirred at 0 
o
C for 5 min and then at 
room temperature for 30 min. The reaction mixture was then heated to 120 
o
C in a CEM 
Discovery Series microwave reactor for 30 min. After cooling to room temperature, trace 
amounts of white precipitate were removed by filtration and the yellow solution was 
concentrated to provide a mixture of 2,5-dihydropyrrole 77 and pyrrole 100. The mixture 
was purified by silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 100/1/0.5) 
to provide 57.5 mg (79% yield) of 2,5-dihydropyrrole 77 and 12.9 mg (18% yield) of 





NMR (500 MHz, CDCl3) δ 7.64-7.76 (m, 4H), 7.33-7.47 (m, 6H), 4.37 (d, J = 7.3Hz, 1H), 
4.16 (qd, J = 7.1, 2.6HZ, 2H), 3.96-4.06 (m, 1H), 3.53-3.66 (m, 1H), 2.81-3.01 (m, 2H), 
2.27 (dt, J = 12.8, 3.3Hz, 1H), 1.77-1.87 (m, 1H), 1.67-1.74 (m, 1H), 1.48-1.65 (m, 8H), 
1.35-1.46 (m, 6H), 1.22-1.34 (m, 6H), 1.12-1.20 (m, 2H), 1.06 (s, 9H), 0.98 (s, 3H), 
0.85-0.93 (m, 2H), 0.82 (s, 3H), 0.72-0.77 (m, 1H), 0.54 (ddd, J = 14.4, 10.5, 4.1Hz, 1H); 
13
C NMR (126 MHz, CDCl3) δ 169.5, 163.8, 135.9, 135.9, 135.1, 135.0, 129.5, 127.6, 
127.6, 126.5, 72.8, 67.4, 66.8, 60.0, 56.4, 54.2, 47.2, 44.7, 43.8, 38.4, 37.0, 36.1, 35.6, 
35.5, 31.8, 31.3, 29.9, 28.7, 28.5, 27.2, 26.6, 23.7, 20.9, 19.8, 19.3, 16.1, 14.4, 12.4; IR 
(film): 2949, 2849, 1675, 1080 cm
–1




Pyrrole 100: Rf = 0.82 (CH2Cl2/MeOH = 20: 1);
 1
H NMR (500 MHz, CDCl3) δ 
7.63-7.69 (m, 4H), 7.32-7.41 (m, 6H), 4.15-4.28 (m, 2H), 3.67-3.81 (m, 2H), 3.54-3.63 
(m, 1H), 2.96-3.12 (m, 2H), 2.36-2.47(m, 2H), 2.11 (dd, J = 13.4, 11.1Hz, 1H), 1.75-1.91 
(m, 5H), 1.59-1.67 (m, 3H), 1.55-1.58 (m, 1H), 1.53 (s, 1H), 1.48-1.52 (m, 1H), 
1.41-1.46 (m, 3H), 1.25-1.31 (m, 5H), 1.16-1.22 (m, 1H), 1.05 (s, 9H), 0.91-0.97 (m, 2H), 
0.88 (s, 3H), 0.85 (s, 3H), 0.73-0.81 (m, 1H), 0.64-0.72 (m, 1H); 
13
C NMR (126 MHz, 
CDCl3) δ 165.9, 138.0, 136.3, 135.9, 135.1, 135.1, 134.9, 129.5, 127.6, 105.5, 73.0, 61.1, 
58.9, 55.3, 45.1, 44.1, 43.4, 38.6, 36.9, 36.3, 35.9, 34.3, 32.3, 31.9, 28.8, 27.2, 25.3, 24.5, 
23.0, 21.2, 20.4, 19.3, 18.0, 14.9, 12.5; IR (film): 3068, 2929, 2856, 1722, 1691, 1427, 
1192, 1157, 1111, 821, 740, 700 cm
–1








PtO2 (30 mg) was suspended in decalin (2 mL), the 
reaction vessel was evacuated and purged with 
nitrogen three times and then placed under an 
atmosphere of hydrogen until the platinum turned black. The solvent was removed in 
vacuo and the platinum black was placed under high vacuum for 12 h. The catalyst was 
then exposed to air for 1h at which point it was added to a solution of 2,5-dihydropyrrole 
77 (33.7mg, 0.05mmol) in decalin (3 mL) at room temperature and the mixture was 
heated open to air at 60 
o
C for 2 h. The solvents were removed in vacuo and the residue 
was subjected to silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 100/1/0.5) 
to provide 33.2 mg (99% yield) of the title compound as a white foam. Characterization 
data for this material is provided in the preceding experimental entry. 
 
Pyrrolidine (110s): 
A suspension of PtO2 (10 mg) and pyrroles 100 (40 mg, 
0.059 mmol) in acetic acid (3 mL) was heated at 60 
o
C in 
a Parr pressure vessel under a hydrogen atmosphere (600 
psi) for 48 h. The reaction mixture was filtered, the filtrate was concentrated and the 
residue was subjected to silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 
100/1/0.5) to provide 39 mg (97% yield) of the title compound as a white foam: Rf = 0.3 
 119 
 
(CH2Cl2/MeOH = 20:1); 
1
H NMR (500 MHz, CDCl3) δ 7.64-7.70 (m, 4H), 7.32-7.43 (m, 
6H), 4.03-4.17 (m, 2H), 3.52-3.62 (m, 1H), 2.88 (d, J = 10.6Hz, 1H), 2.71 (dt, J = 9.9, 
6.8Hz, 1H), 2.47 (dd, J = 9.7, 6.8Hz, 1H), 2.44 (td, J = 10.0, 2.5Hz, 1H), 2.07 (dd, J = 9.7, 
6.8Hz, 1H), 1.72-1.79 (m, 2H), 1.66-1.71 (m, 2H), 1.58-1.63 (m, 2H), 1.49-1.58 (m, 3H), 
1.37-1.47 (m, 5H), 1.20-1.27 (m, 5H), 1.11-1.19 (m, 4H), 1.04 (s, 9H), 0.93-0.99 (m, 2H), 
0.85-0.91 (m, 2H), 0.83 (s, 3H), 0.79 (s, 3H), 0.70-0.76 (m, 1H), 0.50 (ddd, J = 12.3, 10.4, 
4.1Hz, 1H); 
13
C NMR (126 MHz, CDCl3) δ 175.5, 135.9, 135.1, 135.0, 129.5, 127.6, 73.0, 
69.9, 69.4, 60.2, 58.1, 57.2, 54.5, 52.1, 48.0, 44.9, 40.9, 39.7, 38.5, 37.2, 35.6, 32.3, 31.9, 
31.3, 30.6, 28.8, 27.2, 25.5, 24.2, 21.1, 19.3, 16.7, 14.4, 12.5; IR (film): 2900, 2820, 1715, 
1100, 725, 685 cm
–1
; HRMS calculated for C44H64NO3Si
+
: 682.4655, found: 682.4648. 
 
Pyrrolidine (110r): 
A suspension of PtO2 (10 mg) and pyrroles 100 (186 mg, 
0.27 mmol) in acetic acid (6 mL) was heated at 40 
o
C in a 
Parr pressure vessel under a hydrogen atmosphere (600 psi) 
for 24 h. The reaction mixture was filtered, the filtrate was concentrated and the residue 
was subjected to silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 100/1/0.5) 
to provide 92 mg (49% yield) of the title compound as a white foam: Rf = 0.38 
(CH2Cl2/MeOH = 20:1); 
1
H NMR (500 MHz, CDCl3) δ 7.62-7.72 (m, 4H), 7.32-7.43 (m, 
6H), 4.07-4.16 (m, 1H), 3.94-4.04 (m, 1H), 3.51-3.62 (m, 1H), 3.06 (dd, J = 11.1, 7.8Hz, 
1H), 2.99 (d, J = 10.6Hz, 1H), 2.41-2.53 (m, 1H), 2.19-2.29 (m, 2H), 2.01-2.11 (m, 1H), 
1.85 (dt, J = 12.5, 3.4Hz, 1H), 1.68-1.80 (m, 3H), 1.50-1.62 (m, 7H), 1.34-1.45 (m, 5H), 
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1.19-1.28 (m, 5H), 1.15 (ddd, J = 17.0, 11.7, 2.9Hz, 4H), 1.03 (s, 9H), 0.93-1.00 (m, 2H), 
0.84 (s, 3H), 0.77 (s, 3H), 0.68-0.74 (m, 1H), 0.47 (ddd, J = 12.3, 10.5, 4.0Hz, 1H); 
13
C 
NMR (126 MHz, CDCl3) δ172.9, 135.9, 135.1, 135.1, 129.5, 127.6, 73.0 ,70.8, 68.8, 59.6, 
58.2, 57.0, 54.4, 53.1, 46.3, 44.9, 42.2, 40.0, 38.5, 37.2, 35.6, 35.2, 32.1, 31.9, 30.4, 28.8, 
27.4, 27.2, 25.4, 25.3, 21.0, 19.3, 15.8, 14.3, 12.5; IR (film): 2015, 2845, 1738, 1543, 
1098, 740, 723 cm
–1
; HRMS calculated for C44H64NO3Si
+
: 682.4655, found: 682.4644. 
 
5-methylenepiperidine-2-carboxylic acid (114): 
A column packed withpoly-4-vinylpyridine (1.14g) was saturated with 
water (20 mL) and was allowed to equilibrate for 1h. TFA salt 143 (834 
mg, 5.88 mmol) was dissolved in a minimal amount (~5 mL) of boiling distilled water. 
The column was then placed in a test tube which was immersed in a hot water bath. The 
solution of the TFA salt was applied to the column and was eluted with ~20 mL water. 
The column effluent was evaporated to dryness in vacuo and the residual white powder 
was triturated three times from acetonitrile (10 mL) to remove trace water, which 
afforded 283 g (58%) of the title compound as white solid: 
1
H NMR (500 MHz, CD3OD) 
δ 5.09 (s, 2H), 3.77 (d, J = 13.3Hz, 1H), 3.61 (d, J = 11.4Hz, 2H), 2.46-2.54 (m, 1H), 
2.29-2.40 (m, 2H), 1.68-1.81 (m, 1H); 
13
C NMR (126 MHz, DMSO–d6) δ 174.0, 137.1, 
115.3, 58.6, 48.4, 30.2, 27.4; IR (film): 3379, 2495, 2241, 2071, 1620, 1581, 1400, 1122, 
979, 914 cm
–1
; HRMS calculated for C7H12NO2
+






Silyl ester 155 (30.4 μL, 0.136 mmol) was added to a 
0 
o
C solution of tethered aldehyde ynoate 66 (83 mg, 
0.136 mmol) in toluene (2 mL) under nitrogen in a 
sealed microwave reaction tube. The reaction was stirred at 0 
o
C for 5 min and then at 
room temperature for 30 min. The reaction mixture was then heated to 120 
o
Cin a CEM 
Discovery Series microwave reactor for 30 min. After cooling to room temperature, trace 
amounts of white precipitate were removed by filtration and the yellow solution was 
concentrated to provide a mixture of 2,5-dihydropyrrole 156 and pyrrole 115. The 
mixture was purified by silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 
100/1/0.5) to provide 69.8 mg (75% yield) of 2,5-dihydropyrrole 156 and 23.3 mg (25% 
yield) of pyrrole 115 as white foams. 2,5-Dihydropyrrole 156: Rf = 0.3 
(CH2Cl2/MeOH=20:1); 
1
H NMR(500 MHz, CDCl3) δ 7.60-7.71 (m, 4H), 7.30-7.44 (m, 
6H), 4.79 (d, J = 43.6Hz, 2H), 4.21 (d, J = 9.8Hz, 1H), 4.14 (qd, J = 7.1, 2.7Hz, 3H), 3.59 
(tt, J = 10.2, 5.2Hz, 1H), 3.49 (d, J = 14.6Hz, 1H), 3.15 (dd, J = 14.8, 1.9Hz, 1H), 2.30 
(dd, J = 37.6, 13.4Hz, 2H), 2.18 (td, J = 13.1, 4.4Hz, 1H), 1.85-1.94 (m, 1H), 1.47-1.68 
(m, 8H), 1.34-1.47 (m, 5H), 1.27-1.33 (m, 1H), 1.24 (t, J = 7.1Hz, 3H), 1.11-1.20 (m, 
2H), 1.04 (s, 9H), 0.94 (s, 3H), 0.83-0.92 (m, 2H), 0.80 (s, 3H), 0.69-0.77 (m, 1H), 0.53 
(ddd, J = 12.4, 10.3, 4.1Hz, 1H); 
13
C NMR (126 MHz, CDCl3) δ 169.5, 163.5, 143.3, 
135.8, 135.0, 134.9, 129.5, 127.5, 127.5, 125.6, 110.1, 72.8, 67.2, 66.8, 59.9, 56.3, 54.2, 
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53.6, 44.6, 43.9, 38.4, 36.9, 36.0, 35.5, 35.4, 32.3, 31.8, 31.2, 28.8, 28.6, 28.1, 27.1, 20.8, 
19.2, 16.0, 14.4, 12.4; IR (film): 3068, 2929, 2856, 1701, 1265, 1109, 738, 700 cm
–1
; 
HRMS calculated for C45H62NO3Si
+
: 692.4499, found: 692.4473. 
Pyrrole 115: Rf = 0.8 (CH2Cl2/MeOH = 20: 1);
 1
H NMR (500 MHz, CDCl3) δ 
7.64-7.71 (m, 4H), 7.33-7.43 (m, 6H), 5.00 (dd, J = 8.1, 1.5Hz, 2H), 4.37 (q, J = 14.5Hz, 
2H), 4.15-4.26 (m, 2H), 3.53-3.64 (m, 1H), 3.06-3.20 (m, 2H), 2.38-2.52 (m, 4H), 2.13 
(dd, J = 13.5, 11.2Hz, 1H), 1.84 (td, J = 11.1, 6.4Hz, 1H), 1.61-1.69 (m, 3H), 1.49-1.60 
(m, 3H), 1.37-1.47 (m, 4H), 1.30 (t, J = 7.1Hz, 3H), 1.17-1.26 (m, 2H), 1.05 (s, 9H), 
0.91-0.98 (m, 2H), 0.88 (s, 3H), 0.85 (s, 3H), 0.74-0.82 (m, 1H), 0.65-0.72 (m, 1H); 
13
C 
NMR (126 MHz, CDCl3) δ 165.8, 140.4, 137.7, 137.0 135.9, 135.1, 135.1, 134.3, 129.5, 
127.6, 111.1, 105.5, 73.0, 61.2, 59.0, 55.3, 49.7, 45.1, 43.5, 38.6, 36.9, 36.3, 35.9, 34.3, 
32.3, 31.9, 29.8, 29.4, 28.8, 27.2, 25.5, 25.4, 21.2, 19.3, 18.0, 14.9, 12.5; IR (film): 3070, 





: 690.4342, found: 690.4335. 
 
Pyrrole (115): 
PtO2 (30 mg) was suspended in decalin (2 mL), the 
reaction vessel was evacuated and purged with 
nitrogen three times and then placed under an 
atmosphere of hydrogen until the platinum turned black. The solvent was removed in 
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vacuo and the platinum black was placed under high vacuum for 12 h. The catalyst was 
then exposed to air for 1h at which point it was added to a solution of 2,5-dihydropyrrole 
156 (48 mg, 0.069 mmol) in cyclohaxene (2 mL) and decalin (2 mL) at room temperature 
and the mixture was heated open to air at 60 
o
C for 2 h. The solvents were removed in 
vacuo and the residue was subjected to silica gel flash column chromatography 
(CH2Cl2/MeOH/TEA: 100/1/0.5) to provide 40.6 mg (85% yield) of the title compound 
as a white foam. Characterization data for this material is provided in the preceding 
experimental entry. 
 
Pyrrolidine (157s):  
A suspension of PtO2 (5 mg) and pyrroles 115 (98 mg, 
0.0142 mmol) in acetic acid (3 mL) was heated at 60 
o
C 
in a Parr pressure vessel under a hydrogen atmosphere 
(600 psi) for 48 h. The reaction mixture was filtered, the filtrate was concentrated and the 
residue was subjected to silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 
100/1/0.5) to provide 38 mg (39% yield) of the title compound as a white foam: Rf = 0.38 
(CH2Cl2/MeOH = 20:1); 
1
H NMR (500 MHz, CDCl3) δ 7.64-7.70 (m, 4H), 7.32-7.42 (m, 
6H), 4.03-4.16 (m, 2H), 3.53-3.61 ( m, 1H), 2.83 (dd, J = 10.3, 2.5 Hz, 1H), 2.69 (dd, J = 
15.4, 7.2 Hz, 1H), 2.46 (dd, J = 9.5, 6.9 Hz, 1H), 2.20 (dd, J = 14.5, 5.7 Hz, 1H), 2.10 (dd, 
J = 9.6, 6.9 Hz, 1H), 1.33-1.88 (m, 15H), 1.10-1.33 (m, 7H), 0.65-1.09 (m, 24H), 
0.46-0.54 (m, 1H); 
13
C NMR (126 MHz, CDCl3) δ175.4, 135.9, 135.1, 135.0, 129.5, 
127.55, 127.53, 73.0, 69.6, 69.0, 60.2, 59.7, 58.5, 57.2, 54.5, 47.7, 44.9, 40.9, 39.7, 38.5, 
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37.2, 35.6, 33.2, 32.3, 31.9, 31.3, 31.1, 30.3, 28.8, 27.5, 27.2, 21.1, 19.6, 19.3, 16.7, 14.4, 
12.5; IR (film): 2929, 2851, 1733, 1427, 1386, 1176, 1110, 1070cm
–1
; HRMS calculated 
for C45H66NO3Si
+
: 696.4812, found: 696.4812. 
 
(2R,5S)-1-(tert-butoxycarbonyl)-5-methylpiperidine-2-carboxylic acid (121): 
A filtered 1.2M solution of sec-butyllithium in cyclohexane (56.00 mL, 
67.2 mmol) was added dropwise to a stirred -78 °C solution of 
N-Boc-(S)-3-methylpiperidine
2
 (10.76 g, 54.00 mmol) and anhydrous 
tetramethylethylenediamine (25.74 g, 32.98 mL, 221.50 mmol) in anhydrous Et2O (500 
mL). After 1.5 h, CO2 gas was bubbled through the solution via cannula for a period of 1 
h at which point MeOH (100 mL) was added and the reaction was warmed to room 
temperature. The mixture was acidified with aqueous 1M HCl and extracted three times 
with Et2O. The organics were combined, washed with brine, dried (MgSO4) and 
concentrated. The residue was dissolved in Et2O and extracted with 10% sodium 
hydroxide. The aqueous layer was acidified to pH 1 with 1M HCl and extracted three 
times with Et2O. The organic layer was dried (MgSO4) and concentrated in vacuo to 
provide 9.55 g (78% yield) of the title compound which was used without further 
purification; 
1
H NMR (500 MHz, CDCl3) δ 4.82 (s, 1H), 3.61 (d, J = 12.6 Hz, 1H), 3.23 
(d, J = 11.0 Hz, 1H), 2.01 (bs, 2H), 1.93 (bs, 1H), 1.71 (bd, J = 30.0 Hz, 1H), 1.48 (s, 9H), 
1.21 (d, J = 6.6 Hz, 1H), 1.02 (d, J = 6.5 Hz, 3H); 
13
C NMR (126 MHz, CDCl3) δ 178.4, 
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157.0, 81.0, 54.5 (br), 47.3 (br), 29.0, 27.7, 27.6, 22.2, 17.3; mass calculated for 
C12H20NO4
+: 242.1, found: 242.1; [α]20D = –9.8, (c 0.235, CH3OH). 
  
(2R,5S)-2-carboxy-5-methylpiperidin-1-ium 2,2,2-trifluoroacetate (122): 
TFA (8.69 mL, 0.113 mol) was added to a –15 oC solution of 
Boc-protected amino acid 121 (1.05g, 4.3mmol) in CH2Cl2 (30 mL). 
The reaction was warmed to room temperature and stirred 3 hours. The solvents were 
removed in vacuo to provide a brown solid. The solid was triturated with cold diethyl 
ether to provide 0.90 g (81% yield) of the title compound as a white powder: 
1
H NMR 
(500 MHz, DMSO-d6) δ 8.99 (s, 1H), 3.82 (dd, J = 12.4, 2.4 Hz, 1H), 3.16 (dd, J = 12.3, 
1.8 Hz, 1H), 2.54 (d, J = 11.9, 1H), 2.05-2.18 (m, 1H), 1.67-1.83 (m, 2H), 1.59 (ddd, J = 
26.7, 13.1, 3.3, 1H), 1.22 (qd, J = 12.5, 3.2, 1H), 0.87 (d, J = 6.5, 3H); 
13
C NMR (126 
MHz, DMSO–d6) δ 170.6, 158.8 (q, J = 33 Hz; CO2CF3), 117.1 (q, J = 298 Hz, CF3CO2), 
56.0, 49.1, 30.4, 27.5, 25.9, 18.3; IR (film): 1731, 1650, 1424, 1268, 1174, 1135, 928 
cm
–1
; HRMS calculated for C7H14NO2
+: 144.1025, found: 144.1015; [α]20D = +6.7°, (c 
0.210, CH3OH). 
 
(2R,5S)-5-methylpiperidine-2-carboxylic acid (116): 
A column packed withpoly-4-vinylpyridine (1.14g) was saturated with 
water (20 mL) and was allowed to equilibrate for 1h. TFA salt 122 (0.520 
g, 2.15 mmol) was dissolved in a minimal amount (~3 mL) of boiling distilled water. The 
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column was then placed in a test tube which was immersed in a hot water bath. The 
solution of the TFA salt was applied to the column and was eluted with ~20 mL water. 
The column effluent was evaporated to dryness in vacuoand the residual white powder 
was triturated three times from acetonitrile (10 mL) to remove trace water, which 
afforded 0.280 g (91%) of the title compound as white solid: 
1
H NMR (500 MHz, 
CD3OD) δ 3,37 (dd, J = 12.8, 3.2 Hz, 1H), 3.22 (ddd, J = 12.4, 3.8, 1.5 Hz,1H), 2.57 (t, J 
= 12.3 Hz, 1H), 2.30 (ddd, J = 14.2, 6.6, 3.2, 1H), 1.88–1.96 (m, 1H), 1.76-1.87 (m, 1H), 
1.62 (ddd, J = 27.2, 13.2, 3.6 Hz, 1H), 1.26 (ddd, J = 25.3, 13.1, 3.7 Hz, 1H), 0.98 (d, J = 
6.6 Hz, 3H); 
13
C NMR (126 MHz, DMSO–d6) δ 174.0, 60.4, 50.7, 32.5, 29.6, 28.2, 18.7; 
IR (film): 3446, 2962, 2933, 2785, 2547, 2071, 1635, 1450, 1398 cm
–1
; HRMS calculated 
for C7H14NO2
+: 144.1025, found: 144.1015; [α]22D = +35.0°, (c0.280, CH3OH). 
 
(2R,5S)-trimethylsilyl-5-methylpiperidine-2-carboxylate (123): 
Amino acids 116 (0.710 g, 4.96mmol) was mixed with 
diethylaminotrimethylsilane (1.03 mL, 5.46 mmol) at room temperature. 
The mixture, fitted with a reflux condenser, was warmed to 95 
o
C under nitrogen 
overnight. The reaction mixture was cooled to room temperature, the condenser was 
replaced with a distillation head, and the mixture was distilled under vacuum to provide 
the title compound (bp: 72 
o
C at 2.2 mmHg) as a highly moisture-sensitive colorless 
liquid: 
1
H NMR (500 MHz, CDCl3) δ3.07 (dd, J = 11.6, 2.8 Hz, 1H), 2.94 (ddd, J = 19.4, 
10.7, 8.7 Hz, 1H), 2.11 (t, J = 11.5, 1H), 1.91 (ddd, J = 12.7, 6.3, 3.1 Hz, 1H), 1.68-1.81 
(m, 2H), 1.35-1.44 (m, 1H), 1.30 (ddd, J = 24.8, 13.0, 3.8, 1H), 0.86-1.02 (m,1H), 0.72 (d, 
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J = 6.6 Hz, 3H), 0.17 (s, 9H); 
13
C NMR (126 MHz, CDCl3) δ173.9, 59.5, 53.7, 33.4, 31.5, 
29.8, 19.3, –0.3. 
 
2,5-dihydropyrrole (117): 
Silyl ester 123 (0.195 mL, 0.87 mmol) was added to a 
0
o
C solution of tethered aldehyde ynoate 66 (533 mg, 
0.87 mmol) in toluene (13.5 mL) under nitrogen in a 
sealed microwave reaction tube. The reaction was stirred at 0 
o
C for 5 min and then at 
room temperature for 30 min. The reaction mixture was then heated to 120 
o
Cin a CEM 
Discovery Series microwave reactor for 30 min. After cooling to room temperature, trace 
amounts of white precipitate were removed by filtration and the yellow solution was 
concentrated to provide a mixture of 2,5-dihydropyrrole 117 and pyrrole 126. The 
mixture was purified by silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 
100/1/0.5) to provide 265 mg (44% yield) of 2,5-dihydropyrrole 117 and 212 mg (36% 
yield) of pyrrole 126 as white foams. The ratio of these two products changed from run to 
run, but the combined yield of these two products was consistently 80%. 
2,5-Dihydropyrrole 117: Rf = 0.3 (CH2Cl2/MeOH=20:1); 
1
H NMR(500 MHz, CDCl3) δ 
7.61-7.72 (m, 4H), 7.31-7.45 (m, 6H), 4.34 (d, J = 7.9 Hz, 1H), 4.07-4.18 (m, 1H), 3.96 
(d, J = 11.6 Hz, 1H), 3.51-3.63 (m, 1H), 2.85 (d, J = 13.2 Hz, 1H), 2.42 (t, J = 12.7 Hz, 
1H), 2.25 (d, J = 13.1, 1H), 1.74, (d, J = 11.7, 1H), 1.11-1.70 (m, 20H), 1.04 (s, 10H), 
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0.95 (s, 3H), 0.83-0.90 (m, 3H), 0.81 (s, 2H), 0.79 (s, 3H), 0.67-0.76 (m, 3H), 0.47-0.56 
(m, 1H); 
13
C NMR (126 MHz, CDCl3) δ 169.1, 163.8, 135.8, 135.0, 134.9, 129.5, 127.5, 
126.2, 72.8, 67.5, 67.0, 59.9, 56.3, 54.9, 54.2, 44.6, 43.8, 38.4, 36.9, 36.0, 35.5, 35.4, 32.5, 
31.8, 31.2, 28.6, 28.5, 27.1, 26.7, 24.6, 20.8, 19.3, 19.2, 16.1, 14.4, 12.4; IR (film): 2930, 
2856, 1700, 1105 cm
–1
; HRMS calculated for C45H64NO3Si
+
: 694.4655, found: 694.4659. 
Pyrrole 126: Rf = 0.81 (CH2Cl2/MeOH = 20: 1);
 1
H NMR (500 MHz, CDCl3) δ 
7.61-7.74 (m, 4H), 7.31-7.46 (m, 6H), 4.31-4.41 (m, 2H), 3.77 (dd, J = 12.1, 4.7 Hz, 1H), 
3.53-3.65 (m, 1H), 3.22-3.34 (m,2H), 2.76-2.93 (m, 1H), 2.36-2.49 (m, 2H), 2.11 (t, J = 
13.2, 1H), 1.98-2.07 (m, 1H), 1.87-1.94 (m, 1H), 1.82 (dd, J = 17.5, 11.1 Hz, 1H), 
1.32-1.55 (m, 11 H), 1.29 (t, J = 7.1 Hz, 3H), 1.16-1.26 (m, 2H), 1.05 (s, 9H), 1.04 (s, 
3H), 0.91-0.96 (m, 2H), 0.86 (d, J = 9.6, 6H), 0.74–0.81 (m, 1H), 0.64-0.72 (m, 1H); 13C 
NMR (126 MHz, CDCl3) δ 165.9, 137.7, 136.5, 135.9, 135.05, 135.03, 134.5, 129.5, 
127.5, 105.4, 73.0, 61.0, 58.9, 55.3, 50.9, 45.1, 43.4, 38.6, 36.9, 36.4, 35.9, 34.3, 32.2, 
31.9, 28.9, 28.8, 27.2, 25.4, 24.1, 21.2, 19.3, 19.1, 18.0, 14.9, 12.5; IR (film): 2930, 2855, 
1689, 1111, 1075, 1049 cm
–1
; HRMS calculated for C45H62NO3Si
+










PtO2 (30 mg) was suspended in decalin (2 mL), the 
reaction vessel was evacuated and purged with 
nitrogen three times and then placed under an 
atmosphere of hydrogen until the platinum turned black. The solvent was removed in 
vacuo and the platinum black was placed under high vacuum for 12 h. The catalyst was 
then exposed to air for 1h at which point it was added to a solution of 2,5-dihydropyrrole 
117 (127.9 mg, 0.185 mmol) in decalin (5 mL) at room temperature and the mixture was 
heated open to air at 60 
o
C for 2 h. The solvents were removed in vacuo and the residue 
was subjected to silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 100/1/0.5) 
to provide 111.2 mg (87% yield) of the title compound as a white foam. Characterization 
data for this material is provided in the preceding experimental entry. 
 
Pyrrolidine (157s): 
A suspension of PtO2 (10 mg) and pyrroles 126 (351 mg, 
0.507 mmol) in acetic acid (6 mL) was heated at 60 
o
C 
in a Parr pressure vessel under a hydrogen atmosphere 
(600 psi) for 48 h. The reaction mixture was filtered, the filtrate was concentrated and the 
residue was subjected to silica gel flash column chromatography (CH2Cl2/MeOH/TEA: 
100/1/0.5) to provide 280 mg (79% yield) of the title compound as a white foam: Rf = 
0.38 (CH2Cl2/MeOH = 20:1); 
1
H NMR (500 MHz, CDCl3) δ 7.64-7.70 (m, 4H), 
7.32-7.42 (m, 6H), 4.03-4.16 (m, 2H), 3.53-3.61 ( m, 1H), 2.83 (dd, J = 10.3, 2.5 Hz, 1H), 
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2.69 (dd, J = 15.4, 7.2 Hz, 1H), 2.46 (dd, J = 9.5, 6.9 Hz, 1H), 2.20 (dd, J = 14.5, 5.7 Hz, 
1H), 2.10 (dd, J = 9.6, 6.9 Hz, 1H), 1.33-1.88 (m, 15H), 1.10-1.33 (m, 7H), 0.65-1.09 (m, 
24H), 0.46-0.54 (m, 1H); 
13
C NMR (126 MHz, CDCl3) δ175.4, 135.9, 135.1, 135.0, 
129.5, 127.55, 127.53, 73.0, 69.6, 69.0, 60.2, 59.7, 58.5, 57.2, 54.5, 47.7, 44.9, 40.9, 39.7, 
38.5, 37.2, 35.6, 33.2, 32.3, 31.9, 31.3, 31.1, 30.3, 28.8, 27.5, 27.2, 21.1, 19.6, 19.3, 16.7, 










A solution of ethyl ester 157s (108mg, 0.155mmol) in 
anhydrous THF (5 mL) was added dropwise to a 
mixture of LiAlH4 (11.8mg, 0.310 mmol) in diethyl 
ether (5 mL) at 0 
o
C under nitrogen. Upon completion of the addition the reaction was 
warmed to reflux for 12 h at which point it was cooled to 0 
o
C and distilled water (10 mL) 
was added. The mixture was extracted with three 10 mL portions of diethyl ether and the 
organics were combined, washed with brine, dried (MgSO4) and concentrated. The 
residue was purified by silica gel flash column chromatography (CH2Cl2/MeOH/TEA = 
20/1/0.5) to provide 100 mg (98% yield) of the title compound as a white foam: Rf = 0.33 
(CH2Cl2/MeOH: 10/1); 
1
H NMR (500 MHz, CDCl3) δ 7.61-7.76 (m, 4H), 7.30-7.48 (m, 
6H), 3.41-3.68 (m, 3H), 2.83 (d, J = 8.0 Hz, 1H), 2.60 (m, 1H), 1.11-1.89 (m, 21H), 
0.68-1.11 (m, 26H), 0.44-0.55 (m,1H); 
13
C NMR (126 MHz, CDCl3) δ135.9, 135.1, 135.0, 
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129.5, 127.6, 127.5, 73.0, 70.2, 69.0, 66.1, 59.9, 58.9, 57.6, 54.5, 45.2, 44.9, 40.7, 40.1, 
38.5, 37.2, 35.6, 33.5, 32.3, 31.9, 31.5, 31.3, 30.6, 28.8, 27.5, 27.2, 21.1, 19.6, 19.3, 17.0, 
12.5. IR (film): 3350, 2926, 2854, 1456, 1378, 1109, 1070cm
–1
; HRMS calculated for 
C43H64NO2Si
+
: 654.4706, found: 654.4698. 
 
Mesylate (128): 
MeSO2Cl (19µL, 0.24 mmol) was added to a 0 °C 
solution of alcohol 127 (131 mg, 0.20 mmol) and Et3N 
(64 µL, 0.46 mmol) in CH2Cl2 (10 mL) under N2. The 
mixture was maintained at 0 
o
C for 1h at which point aqueous NH4Cl was added. The 
mixture was extracted three times with CH2Cl2 and the organics were combined, washed 
with brine, dried (MgSO4) and concentrated. The residue was purified by silica gel flash 
column chromatography (CH2Cl2/MeOH/TEA = 10/0.3/0.1) to provide 119 mg (81% 
yield) of the title compound as an oil: Rf = 0.32 (CH2Cl2/MeOH/TEA = 10/0.3/0.1); 
1
H 
NMR (500 MHz, CDCl3) δ 7.63-7.71 (m, 4H), 7.33-7.42 (m, 6H), 4.14 (dd, J = 9.3, 6.7 
Hz, 1H), 4.07 (dd, J = 9.3, 7.3 Hz, 1H), 3.53-3.62 (m, 1H), 2.95-3.00 (s, 3H), 2.80-2.86 
(m, 1H), 2.59-2.67 (m, 1H), 1.97-2.06 (m, 1H), 1.10-1.83 (m, 18H), 0.99-1.10 (m, 11H), 
0.61-0.99 (m, 16H), 0.44-0.53 (m, 1H); 
13
C NMR (126 MHz, CDCl3) δ135.9, 135.1, 
135.0, 129.5, 127.5, 72.9, 72.2, 69.9, 68.8, 59.6, 58.5, 57.5, 54.5, 44.9, 41.9, 40.7, 39.8, 
38.5, 37.4, 37.1, 35.6, 35.55, 33.3, 32.3, 31.8, 31.3, 31.1, 30.3, 28.8, 27.1, 21.1, 19.5, 19.3, 









3-(tert-butyldiphenylsilyloxy) demissidine (118):  
A 1 M solution of LiEt3BH in THF (0.685mL, 
0.685mmol) was added dropwise to a 0 °C solution of 
mesylate 128 (100mg, 0.137mmol) in THF (2.75 mL) 
under a nitrogen atmosphere. The reaction was then maintained at room temperature for 3 
h at which point 3mL of distilled water was added. The mixture was extracted with three 
times with 10 mL portions of CH2Cl2 and the organics were combined, washed with brine, 
dried (MgSO4) and concentrated. The residue was purified by silica gel flash column 
chromatography (CH2Cl2/MeOH/TEA = 300/10/1.5) to provide 81 mg (93% yield) of the 
title compound as a foam: Rf = 0.29 (CH2Cl2/MeOH: 20/1); 
1
H NMR (500 MHz, CDCl3) 
δ 7.65-7.76 (m, 4H), 7.35-7.47 (m, 6H), 3.56-3.66 (m, 1H), 2.83-2.90 (m, 1H), 2.56-2.65 
(m, 1H), 1.15-1.82 (m, 19H), 1.02-1.14 (m, 10H), 0.71-1.02 (m, 20H), 0.49-0.58 (m, 1H); 
13
C NMR(126 MHz, CDCl3) δ135.9, 135.12, 135.10, 129.5, 127.6, 127.5, 74.8, 73.0, 69.2, 
63.3, 60.4, 57.6, 54.6, 45.0, 40.7, 40.4,38.6, 37.2, 36.8, 35.6, 35.5, 33.6, 32.4, 31.9, 31.4, 
31.2, 29.5, 28.9, 27.2, 21.2, 19.7, 19.3, 18.4, 17.2, 12.5; IR (film): 2924, 2846, 1450, 
1427, 1373, 1111, 1064cm
–1
; HRMS calculated for C43H64NOSi
+




A 1.0 M solution of TBAF in THF (133uL, 133mmol) was 
added to a solution of silyl ether 118 (17mg, 0.0266mmol) 
in THF (1 mL) and the reaction was stirred at 70
o
C for 1 
hour. The reaction mixture was loaded directly onto a column of silica gel and eluted 
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with CH2Cl2/EtOAc/MeOH/TEA (300/90/10/2) to provide 9.6 mg (90% yield) of 
demissidine as white powder: Rf = 0.43 (CH2Cl2/MeOH: 10/1); 
1
H NMR (500 MHz, 
CDCl3) δ 3.51-3.67 (m, 1H), 2.88 (dd, J = 10.5, 3.0 Hz, 1H), 2.52-2.68 (m, 1H), 
0.70-1.90 (m, 41H), 0.55-0.69 (m, 1H); 
13
C NMR(126 MHz, CDCl3) δ 74.8, 71.5, 69.2, 
63.4, 60.4, 57.6, 54.7, 45.1, 40.8, 40.4, 38.4, 37.2, 36.8, 35.7, 35.5, 33.6, 32.4, 31.7, 31.4, 
31.3, 29.5, 28.9, 21.3, 19.7, 18.5, 17.2, 12.5; IR (film): 3348, 2924, 2839, 1666, 1550, 
1442, 1381, 1049, 740 cm
-1
; HRMS calculated for C27H46NO
+
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Appendix I: Spectroscopic Data 
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